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INTRODUCTION TO THE CONFERENCE ON 
ELECTROPHORESIS 


By D. A. MacInnes 
From the Laboratories of The Rockefeller Institute for Medical Research, New York 


Since the discovery, by Reuss in 1808, of electro-osmosis, a vast 
amount of research has been carried out in the general field of electro- 
kinetic phenomena. The progress of discovery in the field has, how- 
ever, been far from steady. Advances came about because of develop- 
ments in other branches of physical science, and, more particularly, 
on account of the appearance of especially able investigators. As a 
matter of fact there was little activity in the investigation of electro- 
kinetic phenomena until the middle of the nineteenth century. De- 
riving impetus from the methods and discoveries of Faraday a number 
of the classical researches were carried out at that time. For instance, 
Wiedemann made a quantitative study of electro-osmosis, and was 
followed by Quincke by a few years in important researches in that 
subject and the closely related one of streaming potentials. This 
active worker also made what appear to be the first experiments with 
electrophoresis (or cataphoresis), the subject of this conference. It 
was early observed that electrokinetic phenomena have considerable 
biological interest. Indeed the investigators were in many cases 
biologists, though the division of scientists into genera and species 
had not progressed as far as is the unfortunate state of things today. 
It is of interest that almost from the beginning the phenomena were 
interpreted in terms of what is now called the ‘‘zeta potential.” It 
would thus appear to be a natural and useful hypothesis, although, 
the magnitudes and even the existence of such potentials are the 
subject of vigorous discussion at the present time. 

By far the most important theoretical studies in the field of electro- 
kinetic phenomena were carried out by Helmholtz. His paper, pub- 
lished in 1879, contains the equations used in interpreting the phe- 
nomena that are still in use today. His discussions contain, to a greater 
extent than is generally realized, the beginnings of the theories that 
have excited us in recent years. I refer especially to the concept of 
the diffuse double layer later developed by Gouy, and Debye and 
Hiickel. 

The other great theoretical worker in the field of electrokinetic 
phenomena was Smoluchowski, who, at the end of the nineteenth 
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century, subjected Helmholtz’s ideas to a careful re-investigation, 
which established their essential validity. 

Experimental work in the field of electrokinetic phenomena is 
especially difficult, due mainly to the fact that surfaces, with which 
the phenomena are largely concerned, are notoriously non-reproduci- 
ble, making it difficult to obtain the same quantitative results in 
different laboratories, or even for a worker to repeat his own experi- 
ments and obtain the same figures for the results. While yet far from 
being as exact as some other branches of physical science much 
headway has been made in the last few years in the direction of the 
accumulation of more precise numerical data. 

The conference for which the following papers are a permanent 
record would certainly not have been organized except for the recent 
appearance of the papers, by Arne Tiselius, on the study of proteins 
by the electrophoretic method. The utility of these methods in the 
whole range of biological research became immediately evident, and 
excited general interest in a field known, up until recently, only to a 
few scattered enthusiasts. Tiselius’ accomplishment is, however, 
based, not upon a sudden or chance discovery, but upon long years of 
patient investigation of the phenomena of electrophoresis, and a clear 
understanding of the underlying electrochemistry. Because of this 
growth of interest and the increasing importance the subject will 
surely attain in the future it seemed worth while to consider the sub- 
ject of electrophoresis from all the available points of view. The 
monograph in the reader’s hand is the result of the conference that was 
arranged under the direction of the newly organized section of physics 
and chemistry of the New York Academy of Sciences. 

A few words may be worth while concerning the ideas underlying 
the organization of the conference. It has appeared to the author and 
some of his associates that the older scientific societies, useful and 
effective as they are, fail in certain important respects. Due to 
crowded programs, not to mention crowded rooms, and the fact that 
they are in general organized around one branch of science, they fail 
to provide opportunities for the unhurried discussions of topics 
interesting to scientists representing a wide range of activities. This 
conference on electrophoresis was therefore arranged to provide (a) 
a short program of papers dealing, from widely different points of 
view, with the subject of electrophoresis, (b) ample time for discussion, 
and (c) an invited audience, limited to those capable of taking part in 
the discussions. It is of considerable interest that the selection of 
speakers and audience cut right across the usual divisions of physical 
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science. The conference was fortunate in bringing together mathe- 
matical physicists, physical chemists, chemists, and biologists, includ- 
ing those mainly interested in theory and those doing active experi- 
mental work. Although the writer had much to do with the organiza- 
tion, he feels free to repeat the statements of others that the conference 
was successful in accomplishing what it set out to do, and that it 
might well serve as an example to be followed, with necessary modifi- 
cations, for the projected conferences under the Section of Physics and 
Chemistry of the New York Academy of Sciences. 


THEORY OF ELECTROPHORETIC MIGRATION 


By Hans Mvue.urer 


From the George Eastman Research Laboratories, Massachusetts Institute of Technology 
Cambridge, Massachusetts 


Although the first discovery of electrophoretic effects was made over 
a hundred years ago by Reuss! (1808) we have not yet a theory to 
explain the observed facts in a completely satisfactory manner. All 
electrophoretic phenomena, i. e., the migration of colloidal particles 
in an electric field, electro-osmosis and streaming potentials, result 
from the existence of electric potential differences across interphasial 
boundaries. The formulation of a rigorous theory of electrophoretic 
migration is hampered by the fact that we have very little information 
about the molecular structure of surfaces and about the origin of the 
interphasial potentials. The theory, therefore, must rely on certain 
hypothetical assumptions and will be subject to changes until the 
structure of surfaces is better understood. 

The first theory of electrophoretic migration is due to Smoluchowski? 
(1903). It is based on the assumption, first introduced by Helm- 
holtz® (1879), that the potential difference is due to a very thin and 
rigid electric double layer. In 1909 Gouy* pointed out that thermal 
motion does not permit the formation of a rigid layer of electric 
charges. His theory of the diffuse double layer was taken up later by 
Chapman’ and Stern® (1924), but its full importance was realized only 
after Debye and Hiickel’ (1924) furnished a broader foundation for 
Gouy’s theory. Since 1924 the Debye-Hiickel theory of strong 
electrolytes has played the dominant role in all questions of inter- 
phasial potentials and electrokinetic phenomena. In order to adapt it 
to the problems of colloidal physics it was found necessary to general- 
ize and modify it in some points. This work has led to a much clearer 
understanding of many problems of electrophoretic migration, but 
it has not furnished the answer to all questions. 

In presenting a short review of the present state of the theory it 
appears therefore appropriate to point out not only its successes but 
"1 Reuss, F. F. Mem. Soc. Imp. des Naturalistes de Moscou 2: 327. 1809. 


2 Smoluchowski, M. Krakauer Anz. 183. 1903. Also in Gritz, Handbuch d. Elek- 
trizitat u. d. Magnetismus 2: 366. 

3 Helmholtz, H. Wied. Annalen 7: 337. 1879. Mem. Lond. Phys. Soc. 1888. 

4Gouy, G. Compt. Rend. 149: 654. 1909. J. d. phys. 9: 457. 1910. Ann. phys. 7: 
129. 1917. 

5 Chapman, D. L. Phil. Mag. 25: 475, 654. 1909. 

6 Stern, O. Z. Elektrochem. 30: 508. 1924. 

7 Debye, P., & Huckel, E. Physik. Z. 24: 185, 305. 1923. 
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also its deficiencies. The theoretical work centers around three major 
problems. The first is the dynamics of electrophoretic migration, the 
second has to deal with the origin and structure of the electric double 
layer, and the last concerns the relation between migration speed of 
colloidal particles and the stability of colloids. 


Dynamics of Electrophoretic Migration 


The best known and most extensively investigated type of electro- 
phoretic migration is that of a solid colloidal particle in an acqueous 
solution. We will consider here this typical example and assume the 
particle to be a sphere of radius R. In order that a particle can 
migrate under the influence of an electric field it must satisfy only one 
essential condition, namely, it must be at a different electrical 
potential than the surrounding liquid. Now Poisson’s law of electro- 


1d/_,d¢ 1@ 4to 
=: — j= — — = —_— i 
pe (: e ran?) D (1) 


statics states that a potential drop can exist only if an electric charge 
of density e is present. Equation (1) determines the distribution o(r), 
of the charges in the liquid if it is known how the potential 9(r) de- 
creases from its value ¢ at the surface (r = R) to the value O in the 
liquid. { is the electrokinetic potential. D is the dielectric constant 
of the liquid. Since the total charge must be zero the ‘‘outer”’ charges 
in the liquid are compensated by a charge Q of the particle, whereby, 
according to Equation (1), 


r . d do d 
a dard = 'f D& (22) a = = prt 2 
Q if: e 4ar2dr afi ea (« 2) dr DR (3) be (2) 


A priori, this “inner” charge Q might be located anywhere within the 
particle, but it is generally assumed that it is spread in a layer over 
the surface. The inner charge Q and the outer charge distribution 
are of opposite signs and are said to form an electric double layer. 
Helmholtz assumed that the outer charges were concentrated in a 
single layer at a definite distance ¢ from the surface. This thickness ¢ 
of the double layer was assumed to be of atomic dimensions (10-7 em). 
The Gouy-Debye theory shows that the outer layer consists of an 
ionic atmosphere in which the charge density 9 and the potential ¢ 
decrease gradually from a large value near the suface and extend over 
a range of about 10-‘ cm. in dilute solutions. The thickness of such a 
diffuse double layer is defined as that distance t of separation of an 


MUELLER: THEORY OF ELECTROPHORETIC MIGRATION 113 


equivalent Helmholtz layer of charge Q which would produce the 
same potential drop as exists in the diffuse layer. 

If the outer charges were missing the velocity of the particle in an 
electric field X would be given by Stokes’ law 


QX 
6ryh 


This law takes into account only the viscous resistance of the hydro- 
dynamic currents which are created by the motion of the particle. 
The presence of the outer charges alters these currents because these 
charges are also influenced by the electric field. They move in the 
direction opposite to that of the particle. They create therefore an 
additional counter-current of the surrounding liquid and thus the 
particle meets an increased viscous resistance. Hence the velocity of 
the particle will not be wu but 


V=ut+onv (4) 


The (negative) change of velocity v which is due to ‘‘electric friction”’ 
can be estimated as follows. Consider within the liquid a thin spheri- 
cal shell of radius r and thickness dr. This shell contains a portion 
dQ = 4xr*odr of the outer charge. If dQ were the only charge present 
the shell and its interior would gain a velocity 


_ XdQ _ 4nreXdr dr 
 6arn 6x7 
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The additional electrophoretic current of the liquid can therefore be 
found if one takes into account that each moving shell imparts its 
velocity to its inner neighbor. A shell at a large distance (r = o, 
o = 0) stays at rest, while the innermost shell has a velocity equal to 
the sum of all increments dv; hence 


ice) 
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In the above integration we have made use of Equation (1). The 
innermost shell is assumed to adhere to the particle and impart to it 
the same additional velocity v. The above result can also be written 


= Fey ae e@ |-— 4 ae 


; | : 
because it follows from Equation (2) that R (2). =— 5 and hence 
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the first term has the same magnitude as wu defined in Equation (3). 
By introducing this result in Equation (4) we find for the electro- 
phoretic migration speed 

DXxt 
6x7 


V=u+t+ov= (5) 
This is the electrophoretic migration formula of Debye and Hiickel.® 
The above derivation is due to Onsager.® According to this equation 
the migration speed is determined by the electro-kinetic potential ¢ 
and does not depend on the charge distribution within the double 
layer. It should therefore be valid for a rigid double layer as well as 
for a diffuse one. If this result were correct it would be impossible 
to decide from electrophoretic measurements whether the Helmholtz 
or Gouy theory is applicable. 

There are, however, many reasons to believe that the above equa- 
tion is not generally valid. It differs from the result of Smoluchowski’s 
theory, which gives for an arbitrary shape of the particle 


_ DXG 
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According to Hiickel this equation should be correct only for needle- 
shaped particles or for electro-osmosis in capillaries, while for other 
particles the numerical factor should depend on the shape of the 
micelles. From the work of Abramson! we know that this conclusion 
does not agree with the facts. Particles of different shapes have the 
same migration speed if they have identical surfaces and if the double 
layer is thin in comparison with the dimensions of the particles. 
Mooney" and Henry" have pointed out the deficiency of the Debye- 
Hiickel equation. In the above derivation we have assumed that the 
electric field X is everywhere constant, and that all parts of any 
spherical shell could move with the same velocity in the same direction. 
This assumption is wrong because the presence of the particle forces 
the electrical and the hydrodynamical currents to flow around the 
micelle. These effects, due to the finite size of the particle, can be 
neglected only if the micelles are very small in comparison to the 
thickness of double layer. The Debye equation (5) is therefore valid 
only in the very rare cases of extremely small particles in very dilute 


8 Debye, P., & Huckel, E. Physik. Z. 25: 49, 204. 1924. 

9 Onsager, L. Physik. Z. 27: 388. 1926. 

10 Abramson, H.A. Jour. Phys. Chem. 35: 299. 1931. Also ‘Electrokinetic Phenomena’ 
Chem, Catalog Co. 1934. 

1 Mooney, M. Jour. Phys. Chem. 35: 331. 1931. 

Henry, D.C. Proc. Roy. Soc. (London) A. 133: 106. 1931. 
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solutions. For the other limiting case, where the range of the double 
layer is small in comparison to the radius of the particle, Henry” has 
derived the equation 

eo (1 + 4) DXE 


6x7 (3 


where A depends on the electrical conductivity of the micelle. 

For non-conducting particles (4 has the value 14 and Henry there- 
fore comes to the conclusion that Smoluchowski’s equation (5’) 
should be valid in most cases. Deviations from this equation must 
occur if the radius of the particle is of the same order of magnitude as 
the thickness of the double layer. In this case the numerical factor 
will vary between 4 and 6; it will depend on the charge and on the 
shape of the particle. For conducting particles Henry’s equation (6) 
is probably not valid. ; 

Smoluchowski’s, Debye and Hiickel’s, and Henry’s derivations of 
the migration formula are based on the assumption that the motion 
of the particle does not alter the charge distribution in the double 
layer. For dielectric micelles there is no reason to expect a change of 
the “inner” charges. For conducting particles, however, the electric 
current might alter the conditions on the surface. The outer diffuse 
layer will always be affected by the hydrodynamic flow. During the 
migration of the particle this flow brings new ions into the neighbor- 
hood of the surface and carries other ions away from the micelle. 
Thus the outer layer is continually destroyed and rebuilt. The new 
ions require a certain time to adjust their distribution to the electric 
field distribution, and the ions which are carried away retain their 
distribution for a short time. Due to this retardation effect the outer 
layer becomes asymmetric and exerts an electric force on the inner 
charges which reduces the migration speed of the particle. Paine’ 
(1932) and more recently Hermans (1938) have calculated the magni- 
tude of the relaxation effect. In most cases it is small, but in his latest 
paper Hermans" finds that under favorable conditions the effect can 
alter the migration velocity by as much as 25%. 

It is partly due to this retardation effect and partly due to the fact 
that Smoluchowski’s equation contains the dielectric constant D and 
the viscosity y of. the liquid, that the theorist is reluctant in accepting 
it as a rigorous solution of the problem. The use of the macroscopic 
constants D and 7 has frequently been criticized but no satisfactory 
alternative has been given. Smoluchowski’s equation is better 


13 Paine, H. H. Proc. Cambridge Phil. Soc. 28: 83. 1932. 
14 Hermans, J.J. Phil. Mag. 25: 426. 1938. 26: 650. 1938. 
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justified than any other, but it is questionable whether the absolute 
values of the ( potentials, as obtained with the help of this equation 
from migration speed measurements, are accurate. 


The Electric Double Layer 


While the existence of electric double layers in interphases between 
solids and liquids can be taken as an established fact, very little is 
known about the causes for its existence. We can easily understand 
how the outer layer is formed when the solid surface carries a charge, 
but the primary question: Why and how is the solid charged? is much 
more puzzling. Not only is it most improbable that a single answer 
could be given which would fit all cases, but there are very few inter- 
phases for which any one of the proposed answers has been generally 
accepted. In most cases we have good evidence that these surface 
charges are ions, or that the colloidal particle themselves are ions, but 
it does not seem impossible that in some cases the charge is due to a 
transfer of electrons from the solid to the liquid, or vice versa. It is 
not definitely known what forces are responsible for holding the ions 
to the solid. At various times they have been assumed to be Van der 
Waals forces (adsorption), valency forces (chemical binding) or lattice 
forces (theory of potential determining ions). The recent progress 
of the theory of the electronic structure in metals and insulators and 
of the theory of liquids opens a good prospect that a more specific 
answer can soon be given. 

Various methods have been used to estimate the electric charge 
density in the inner layer. All lead to the conclusion that the average 
distance between the ‘“‘adsorbed” ions is about 10- to 10-7 cm., i. e., 
less than 1% of the atoms on the surface are charged. This distance 
is only about 10 times smaller than the average thickness of the double 
layer. Consequently the double layer can not be as homogeneous as 
we usually like to assume. The potential varies along the surface and 
what one measures in the experiments is an average value. This 
average can be considerably smaller than the potential of the ‘“‘ad- 
sorbed” ions. It is therefore not surprising that the Nernst potential 
e, which measures the work needed for removing an ion from the 
surface, is always much larger than ¢. This argument, however, is not 
sufficient to explain the fact that ¢ and ¢ can have different signs. 

Before the advent of the theory of the diffuse double layer and 
Debye’s theory of strong electrolytes, all changes of the potential were 
ascribed to changes of the “adsorbed” charges. The newer theory can 


15 Verwey, E. W.J. Symposium on Hydrophobic Colloids. Centen’s, Amsterdam, 1938. 
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explain a large part of the potential variations as due to changes in 
the outer layer. But they do not explain all variations and we must 
assume that the concentration of the surrounding electrolyte influences 
the magnitude and sign of the inner charges. 

Debye’s theory explains the formation of the outer layer as follows: 
If the charge of the inner layer is positive, the negative ions in the 
liquid are attracted to the surface and the positive ions are repelled. 
Thus a predominantly negative ‘ionic atmosphere” is created. The 
outer charges do not form a single layer, as Helmholtz had assumed, 
because the energy ze of attraction or repulsion usually is smaller 
than the kinetic energy kT of the ions. This is certainly true in the 
outer parts of the outer layer where the potential 9 approaches the 
value 0. In the range where zeg is not much larger than kT the ions 
can move freely, but the negative ones linger for a longer time near the 
surface than do the positive ions. The calculation of the charge dis- 
tribution in the diffuse double layer is therefore a statistical problem. 
Its solution is obtained by using Maxwell-Boltzmann’s principle which 
gives the distribution of charges in a potential field. This principle 
furnishes therefore a second relation between 9 and 9, the first being 
Poisson’s equation (1). The two relations permit the calculation of 
potential and charge distribution in the outer layer. 

The theory of the diffuse double layer leads to the conclusion that 
the effective thickness of the diffuse double layer and hence also the ¢ 
potential diminish if the concentration c of the electrolyte is increased. 
For very small concentrations the outer layer must quite obviously be 
very thick to be able to compensate the charges on the particle. In 
certain selected cases it is possible to account for the observed ¢ (c) 
curves by assuming that the charge of the particle is unchanged and 
that the variations are due only to changes of the outer diffuse layer. 
No calculations of this type are really convincing because they involve 
the assumption that the absolute values of ¢ are known. They prove, 
however, that the changes of the outer layer have a great influence on 
the ¢ potential. 

The second satisfactory feature of this theory deals with the influ- 
ence of the valency of the ions on the ¢ potential. The larger the ionic 
charges the larger are the electric forces between them and the inner 
layer and the fewer ions are needed for charge compensation. Hence 
the effective thickness of the double layer and with it the ¢ potential 
diminish rapidly as the valencies increase. The experiments confirm 
this general conclusion, but they also show that the approximations of 
Debye’s theory are not valid for colloids. Debye and Hiickel assumed 
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that the electric potential energy zeg is always smaller than their 
kinetic energy k7. If this were true for the ions in the double layer, 
the ( potential should follow the ionic strength principle. This princi- 
ple states, for instance, that a 1-3 valent electrolyte should have the 
same effect on the potential as a 3-1 valent electrolyte. The experi- 
ments do not verify this. This fact is of importance because it proves 
that the ¢ potentials as calculated from Smoluchowski’s equation are 
of the correct order of magnitude. For z > 1 their values are indeed 
so large that zet is usually greater than kT and Debye’s approximation 
can not be expected to hold. If in the equation V = a the factor 
C would be appreciably smaller than Smoluchowski’s 4% it would be 
difficult to understand the failure of the ionic strength principle. 

The differential equation of the diffuse double layer can be solved 
without resorting to Debye’s approximation. The first solution was 
given by Gouy for a plane surface, the writer!® (1928) developed a 
graphical solution for a spherical double layer and Gronwall, La Mer 
and Sandved!’ (1929) gave an analytical solution. This work predicts 
deviations from the ionic strength principle which are in good qualita- 
tive agreement with the observations.!® This fact offers some justi- 
fication for applying the laws of the diffuse double layer not only to its 
outermost parts but also to its inner range where © approaches its 
maximum value 9. On the other hand, it must be pointed out that this 
extrapolation may have little justification. In the immediate neigh- 
borhood of the solid surface the physical conditions are extremely 
complicated, the electric field strengths become very high, the ordinary 
macroscopic concepts have no definite meaning, and the fundamental 
assumptions of Debye’s theory (complete dissociation) are likely to 
break down. The structure of this innermost layers is a matter of pure 
speculation. The most commonly accepted view is that of Stern,® 
who assumes the existence of an intermediate layer between the particle 
and the diffuse layer. This Stern-layer adheres to the particle. In 
Stern’s theory the ¢ potential is therefore not the average potential of 
the particle but that on the outer boundary of the Stern layer. This 
assumption serves to explain the difference between the « and { po- 
tentials, but there is no direct experimental evidence for the existence 
of this intermediate layer. 

In summarizing it may be said that the theory of the diffuse double 


* 16 Mueller, H. Kolloidchem. Beihefte. 26: 257. 1928. Cold Spring Harbor Symposia 
: 1, 9. 1983. 


17 Gronwall, T. H., La Mer, V. K., & Sandved, K. Physik. Z. 29: 358. 1928. 
18 See discussion on Colloidal Electrolytes. Trans. Faraday Soc. 31: 1935. 
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layer, though it has contributed a great deal to the theory of electro- 
phoretic migration, is not able to predict the changes of the migration 
speed with variations of the electrolyte concentration. A theory of 
these changes can only be given when we know more about the origin 
of the “‘adsorbed”’ charges. A solution of this problem may solve also 
the questions concerning the structure of the immediate neighborhood 
of the surface. 


The Stability of Hydrophobic Colloids 


It is well known that the stability of a hydrophobic colloid is closely 
related to the migration speed of its micelles. Coagulation usually 
sets in when the ¢ potential drops below a critical value, but there are 
exceptions to this rule. On the other hand, the coagulation of a hydro- 
phobic colloid is not reversible, i. e., the coagulate is not peptised 
through an increase of the ¢ potential. This behavior is usually ex- 
plained as follows. Uncharged particles would always adhere because 
they are attracted by Van der Waals forces. Since these forces have 
a very short range the particles have to come very close together be- 
fore they attract each other. The electric charges of the particles and 
of their double layers create repulsive forces between the micelles. 
These electric forces have a larger range than the Van der Waals 
forces, and their intensity is supposed to increase with the ¢ potential. 
Therefore, if the € potential is high the particles can never approach 
each other sufficiently closely to come under the influence of the 
attractive forces, and the colloid is stable. The electric forces con- 
stitute a potential barrier. For low ¢ potentials this barrier is low and 
the particles have sufficient kinetic energy to cross it. Hence they 
will coagulate under the influence of the attractive Van der Waals 
forces. If afterwards the barrier would be raised again by an increase 
of the ¢ potential, the chances for a separation of the particles are even 
smaller than before when the barrier was low. 

Hamaker? (1936) has calculated the Van der Waals forces and has 
given an estimate of the electrical forces between colloidal particles. 
His conclusions, which support the above qualitative discussion, have 
recently been challenged by Langmuir?® (1938). A somewhat differ- 
ent point of view is contained in a paper by Levine.*t This writer has 
made a more elaborate calculation of the electrical forces between the 
diffuse double layers of two colloidal particles. He finds that they 


19 Hamaker, H.C. Symposium on Hydrophobic Colloids. Rec. trav. chim. 57: 61. 1938. 

20 Langmuir, I. Jour. Chem. Phys. 6: 873. 1938. 

2 Levine, S. Proc. Roy. Soc. (London) A941: 145. 1939. The author had the privilege 
of reading this manuscript before its publication. 
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lead to an attraction at large separation. However, if the particles 
come at a distance smaller than the thickness of the double layer, this 
force becomes a repulsion and creates stability of the colloid in a 
similar way, as in Hamaker’s theory. The attraction of the particles 
at large distance of separation comes about as follows. The total 
electrical force between the two particles can be considered as the 
combination of four forces: a) A repulsion between the adsorbed 
charges on the two particles, b) a repulsion between the charges in the 
two diffuse layers, and c) two attractive forces between the inner 
charges of one particle and the outer charges of the other. For very 
large separation the resultant of all four forces must be zero; with a 
closer approach all forces will increase but when the two double 
layers begin to overlap the repulsive force (b) will increase less than 
the other forces and hence the balance of the forces is disturbed and 
gives rise to an attraction. For a still closer approach, when the inner 
charge of one particle penetrates the double layer of the other the 
attractive forces (c) are strongly diminished, and the resultant becomes 
a repulsive force. 

According to Levine’s theory, the colloidal particles should have a 
preferred distance of separation. Usually they can not stay in this 
preferred position, due to the temperature motion, but under excep- 
tional circumstances they can assume a regular arrangement. These 
considerations may possibly lead to an understanding of the formation 
of ‘‘tactoids” and the structure of “‘thixotropic” colloids. 

We have left out in these discussions the interaction between the 
micelles and the solvent. These interactions are certainly of great 
importance in lyophilic colloid. It is questionable whether they can 
be neglected in the hydrophobic sols. We evidently have still a long 
way to go before we know all the factors which determine the behavior 
of colloids and can give a satisfactory theory of the electro-kinetic 
phenomena. 


THE DETERMINATION OF THE ELECTRICAL 
CHARGE OF SURFACES BY THE MICRO- 
SCOPIC METHOD OF ELECTROPHORESIS 


By Haroitp A. ABRAMSON 


From the Service of Dr. George Baehr and the Laboratories of the Mt. Sinai Hospital, 
and the Department of Physiology, College of Physicians and Surgeons, 
Columbia University, New York City 


INTRODUCTION 


With few exceptions the surfaces of all particles suspended in aque- 
ous media bear an excess of negative or positive electricity. For this 
reason, red blood cells, bacteria, spirochetes, oil droplets, particles of 
quartz, protein and even air bubbles almost invariably migrate if an 
electric field of sufficient strength is applied. The movement of these 
particles is readily observed and measured by means of ordinary 
microscopic equipment. The speeds of fairly large oil droplets, sur- 
prisingly enough, may be greater than those of ordinary ions. For 
example, oil droplets 1 x 10-* cm in radius suspended in sodium hy- 
droxide solution have electric mobilities faster than sodium ions.1 It is 
remarkable to observe directly, microscopic particles which move with 
high speeds in comparatively low electric fields of 5 to 10 volts per cm. 
In a field of 10 volts per cm, charged oil droplets can cover distances 
of 1.0 cm in less than two minutes. Two quantities of importance in 
the comprehension of the phenomena of surface chemistry and surface 
electricification may be calculated from the electric mobilities meas- 
ured by the microscopic method of electrophoresis. The first is the 
electrokinetic potential, ¢; the second is the net charge density, o, of 
the surface. 

According to the Helmholtz theory, the dependence of ¢ on the 
mobility v is given by the expression 


_ 4rn (1) 


where », the coefficient of viscosity, and D, the dielectric constant of 
the double layer, approximate their values in the bulk of the liquids.” 
Units are c.a.s. electrostatic. 


1Abramson, H. A. Am. Jour. Physiol. 97. 1931. 
2 Smoluchowski, M. ‘Handbuch der Electricitit und des Magnetisimus,’’ Barth, 


Leipzig 2: 366. 1921. 
(121), 
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Note that c, the density of the electric charge of the surface, does 
not appear in equation (1). Evidently if our study of surface electri- 
fication is to be more complete, the relationship between the charge 
density and the mobility must also be known. Fortunately this re- 
lationship is not only known but also, by the application of this 
theory, important generalizations may be made concerning the way 
the charging process of non-ionogenic surfaces varies with change in 
the salt content of the medium.’ 

If the concentration of an aqueous solution of potassium chloride is 
increased, the electric mobilities of the ions, K+ and CI, decrease. 
This typical decrease in the ionic electric mobility, v, is depicted in 
figure 1, where the change in vx+ with the molar concentration, c, of 
potassium chloride is given. Compare FIGURE 1 with FiguRE 2 which 
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~Log, concentration of KCL -Log concentration of 1-1 salt 


Ficgtre 1. Schema giving change in the Fieurs 2. Typical curve showing effect on 
electric mobility of an ion with increasing o of increasing the concentration of a simple 
concentration of the electrolyte. salt. 


is a typical (-c or vc curve. Note that a maximum occurs before the 
decrease in mobility due to the addition of salt. The case of ionic 
electric mobility in FriguRE 1 represents the ideal case in which the 
charge remains constant while the electric mobility changes. 

In the cases of non-ionogenic surfaces the problem becomes more 
general in nature, for we must deal with particles having diameters 
from the order of 1 X 10-7 cm to those of the order of macroscopically 
visible particles, including flat surfaces. The charge of the simple ion 
K+, as has been mentioned, remains constant as vx+ decreases. 
This is by no means the case with non-ionogenic surfaces. The net 


Abramson, H. A. Jour. Phys. Chem. 39: 749. 1935. 

4Gouy,L. Jour. Phys. 9: 457. 1910. 

Gyemant, A. ‘‘Grundzuge der Kolloidphysik” Vieweg, Braunschweig. 75. 1925. 

Mueller, H. Kolloidchem. Beih. 26: 257. 1928. 

Mooney, M. Jour. Phys. Chem. 35: 331. 1931. 

Abramson, H. A., & Mueller, H. Bull. Am. Phys. Soc. 7:11. 1932. Cold Spring Harbor 
Symposium 1. 1933. 

Bikerman, J. Z. physik. Chem. A163: 378. 1933. 

By non-ionogenic surfaces is meant surfaces like quartz, paraffin oil, cellulose, etc. 
By ionogenic surfaces is meant those resembling adsorbed protein films. Most surfaces, 
undoubtedly, behave to a certain extent in an intermediate fashion, but this classification 
will suit the purposes of this communication. 


ABRAMSON: THE ELECTRICAL CHARGE OF SURFACES 123 


surface charge density, c, changes as more ions are added to the solu- 
tion. In general, for an infinite plane surface, can be calculated by 
combining the Poisson and Boltzmann equations. The integrated 
equation for c, is, in systems consisting essentially of two ions and 
large particles,‘ 


NOR Toe et (on cee te (a see 
= — = ER — iT 
o x x 1000 C1[2)61[2] E (c 1) aE yy (c 1)| (2) 


where N is Avogadro’s number, k Boltzmann’s constant, c the molar 
concentration, e the base of the natural logarithm, e the electronic 
charge, z the valence, and T the absolute temperature. In case 


2. = —2%, = 2 in aqueous media, equation (2) reduces to 
NDkT 
= 2 2 
¢ iy a ere, (2a) 
or, 


¢= 2a Ve sinh 5. 


where « = 17,650 and @ = 0.025 volt at 18° C. Equations (2) and 
(2a) give us a means of following changes in the net surface charge of a 
large particle as the number of ions in the solution increases. 


THE MEASUREMENT OF ELECTROPHORETIC MOBILITY 
OF MICROSCOPIC PARTICLES 


Historical 


Although Reuss discovered the phenomenon of electrophoresis in 
1807, investigators refrained from completely accepting the fact that 
a new series of electrical phenomena were taking place on surfaces, until 
Quincke’s ingenious experimentation on the transport of microscopi- 
cally visible particles suspended in liquids was published. Quincke® 
studied the electrical mobility of microscopic particles in types of ap- 


ft z 
« = 
Figure 3. Particles or gas bubbles were suspended in the narrowed portions of the tubes 


here depicted and a field applied to study electrophoresis (Quincke). 


paratus similar to those shown in FIGURE 3. Very small particles 


5’ Quincke, G. Pogg. Ann. 113: 513. 1861. 
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were suspended in the tube and even air bubbles were introduced by 
micropipettes. By one device or another tiny particles of many sub- 
stances were investigated. All of these particles were negatively 
charged in distilled water. In other media similar particles were 
found to be positively charged as well. Quincke’s observations are 
not only of importance because they generalize the phenomenon of 
electrophoresis but also because he observed and correctly interpreted 
certain hydrodynamic features of the electrophoresis cells which he 
employed and which we shall discuss in detail. Quincke noticed that 
the movement of the particles in the electrophoresis cell was not alone 
due to the electrical charge of the particles but also to the movement 
of the liquid within the cell itself. Quincke noted that starch granules 
in the center of the electrophoresis cell migrated to the anode but that 
particles adjacent to the glass wall went in the opposite direction, to 
the cathode. Quincke recognized this reversal of migration as due to 
an electroosmotic flow of liquid near the glass. He states, “It seems 
to follow from these experiments if one takes the representative case 
of starch particles suspended in water, that water is transported in 
the direction of positive flow of electricity and all starch granules in 
the negative direction. The transported water (since the cell is a closed 
system) returns along the axis of the cell for it can go nowhere else. 
Near the wall of the tube the water drags the starch granules along 
with it and overcomes the mobility of the granule, while in the neigh- 
borhood of the axis the mobility of the starch particles will be increased 
by the movement of the water particles.”” As we shall see shortly the 
electroosmotic flow of liquid in electrophoresis cells designed for the 
study of microscopic particles is nearly always complicated by the 
electroosmotic flow of liquid. However, this hydrodynamic problem 
is readily solved and a suitable correction may be made. 


Scope of the Microscopic Method 


Whenever a particle is observable in the field of a microscope or 
untra-microscope, the microscopic method of electrophoresis may be 
conveniently and accurately employed if the particle does not settle 
out of suspension too quickly. The ease of the microscopic method 
offers certain advantages when compared with the moving boundary 
method. However, the moving boundary method is essentially de- 
signed to study dissolved material,” whereas the microscopic method 


6 Abramson, H. A. Jour. Phys. Chem. 36: 1454. 1932. 

7 Tiselius, A. Dissertation, Upsala, 1930. 

Henry and Brittain recently have compared critically the moving boundary method 
with the transport method. ‘The Kohlrausch-Weber theory of ionic displacements has 
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is designed for the study of particles. The two methods supplement 
one another. The microscopic method offers in part the following 
advantages: 


a—During the period of observation the environment of the particle 
does not change sensibly. 

b—Differences in electric mobility of various particles in the same 
microscopic field may be measured simultaneously. 

c—High magnification may be employed resulting in great sensi- 
tivity. 

d—tThe size, shape, and orientation of the particle under observa- 
tion are directly observed. 

e—Measurements of electric mobility may not only be made in 
fairly concentrated salt solution (up to about M/5) but also in very 
dilute solution. As far as the writer is aware, measurements by the 
moving boundary method may not be made without encountering 
serious difficulties except in the presence of at least M/100 salt.” 

f—A single determination usually takes only a few minutes. 

g—The method is the only way in which certain biological material 
may be accurately studied. Thus bacteria, fungi, blood cells, protein 
particles are most easily examined in this way. 

h—There is no difficulty in calculating, from the curve relating 
electric mobility to depth in the cell, the electroosmotic mobility of the 
liquid relative to the wall of the cell itself. 

i—By means of the vertical cell® the same particle may be observed 
over a comparatively long period. Changes in the surface of the 
particle during this time may be observed. 


The Flat Cell in Rectangular Cross Section 


Two flat cells reeommended by the writer are shown in FIGURES 4 
and 5. Fiaqure 4 is a flat cell® which is used in horizontal position, 
while r1GuRE 5 is a cell used with a horizontal microscope, the chamber 
of the cell being fixed vertically.2 The instruments, each of which is 


been applied to the moving-boundary method, and it is inferred that the usual interpre- 
tation of experiments by this method is erroneous. Methods of experiment and calcula- 
tion are, however, indicated by means of which correct results may be obtained by the 
moving boundary technique, and some conclusions are drawn as to the selection of a 
suitable supernatant liquid.’’ (Trans. Farad. Soc. 29: 798. 1933.) This paper should 
be consulted by those intending to investigate theoretically or experimentally the methods 
under discussion since these new contributions have not been incorporated here. See also 
Hacker. Kolloid-Z. 62: 37. 1933. | 

8 Abramson, H.A., Moyer, L. S., & Voet, A. Jour. Am, Chem. Soc. 58: 2362. 1936. 

» Abramson, H. A. Jour. Gen. Physiol. 12: 469. 1929. 

Abramson, H. A., & Grossman, E.B. Jour. Gen. Physiol. 14: 563. 1931. 

Moyer, L. 8S. Jour. Bact. 31: 531. 1936. 
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constructed of one piece of glass, rest directly on the microscope stage 
or are suspended from it. In this way the troublesome vibration 
usually encountered may almost completely be avoided. The instru- 
ment may be supported either by a cemented frame composed of 
microscope slides or by a brass frame similar to that shown in FIGURE 
4 and described by Moyer. The vertical cell shown in FIGURE 5 


Figure 4. The horizontal microelectrophoresis instrument. The smaller rods on either 
side of the center chamber are solid glass struts, one with an extension sleeve. B, Diagram 
of side view of central chamber. 


Figure 5. The vertical microelectric cell. 


facilitates the investigation of large particles for long periods of time 
by reversal of the electric field. Because of its vertical position, the 
particles, although falling, remain at the same electroosmotic level. 
If the width of the main central chamber is very large compared with 
its thickness the effect of the size of the cell may be disregarded when 
observations are not made too close to the side walls. The electric 
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mobility of the particle relative to the liquid may be calculated as was 
first accomplished by Ellis.1° Ellis observed quantitatively the varia- 
tion in the electric mobility of small oil droplets at different levels in a 
flat electrophoresis cell, approximately 0.6 mm thick. His data are 
plotted in FIGURE 6 which shows in detail the phenomenon of reversal 
of direction of the particle near the wall observed first by Quincke and 
described in the first part of this section. Observe in the figure that 
the velocity of a small particle is not constant but varies from level to 
level within the cell, the velocity-level curve being parabolic. The 
velocity of the particle may be increased or decreased at any point, 
depending upon the sign of the charge on the wall. If Vw is the 
velocity of the liquid itself at any level, the observed velocity Vozs is, 
then, the sum of the velocities of the particle and of the water. 


Voss = V+ Vw (3) 


Here V is the velocity of the particle relative to the liquid; it is the 
same at all levels. In other words, since the velocity of the particle 
relative to the liquid is the same at all levels, Vozs varies from level to 
level because of the hydrodynamic conditions set up by the streaming 
of the liquid within the cell due to the electroosmosis of the liquid 
along the wall. It can be shown that the velocity of the particle rela- 
tive to the liquid is the mean velocity of the particle within the cell, if 
the total movement of all the water within the cell is equal to zero. 
The value of V, the electric mobility of the particle relative to the 
liquid, can be calculated from experimental data relating Vozs to the 
level, x, in the cell, or by means of graphical integration. Also, 
measurements may be made simply at the level, 


e-d(t+73), (4) 


where d is the total thickness of the cell. The stationary levels in cells 
of the type under discussion are approximately at the levels 0.2 and 
0.8 of the total depth. This follows from the theory of Smoluchowski? 
regarding the laws of laminal streaming of viscous liquid between 
parallel walls. He showed that the velocity of the water, Vw at a depth, 


x, is 
eG eae 


where U is the velocity of electroosmosis due to the charge on the wall 


10 Ellis, R. Z, physik. Chem. 78: 321. 1912. 
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of the cell. It follows directly from equation (5) that when Vw is equal 
to zero, the velocity of the particle relative to the liquid may be 
measured directly. The arrow in FIGURE 6 points to both the observed 


u/sec./volt/cm. 
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Fiaure 6. The variation in the observed electric mobilities of oil droplets at different 
levels in a flat electrophoresis cell. The smooth curve is that predicted by hydrodynamic 
theory. Points are experimental values found by Ellis who first investigated this phenome- 
non. 


and predicted values of velocity given by the preceding theory and 
agrees with the theory well within 5%. The reliability of this theory 
has been well established for the types of cells given in FiguREs 4 and 
5. The way in which variations in the thickness of the cell change the 
the general shape of the experimental curve is given in FIGURE 7. 
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Figure 7. The way in which variation of the thickness of an electrophoresis cell (width 
>> thickness) changes the experimental curve. The curves have been drawn on the assump- 
tion that V = U = 1.0, for cells varying in thickness, 1.0 : 0.5 : 0.1. 


u Abramson, H. A, ‘Electrokinetic Phenomena and their Application to Biology and 
Medicine.”” Chemical Catalog Co., New York, Chap. 3. 1934. 
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The curves have been drawn on the assumption that the electro- 
phoretic velocity is equal to.the electroosmotic velocity. Note that 
the slope of the Vozs — x curve at the level where the velocity of liquid 
is equal to zero, becomes very great with thin cells. Practically speak- 
ing then, flat cells less than 0.5 mm thick may involve difficulties in 
focusing at a given level. 

The theory of Smoluchowski obtains only if the cell width is great 
compared with its thickness. If the ratio of cell width to thickness is 
taken as, 

width 2a 


thickness 2b és 


Komagata” finds that the position of the stationary layer along the 
central longitudinal plane is given by the expression, 


1 384 
Y vy =0) =+ 4/41 +=) 


In this equation y represents the level measured from the central axis. 
The following table! indicates the error introduced for various values 
of the ratio a/b. 


k 10 15 20 100 © 
level 0.194 0.199 0.202 0.210 0.211 


Note that only when k approaches ~ does the stationary layer cor- 
respond exactly to our previous stationary level, about 0.21 measured 
from the roof. Flat cells, with values of k more than 20, may be used, 
without considering the wall effect. 

Since the curve relating the observed velocity to level is parabolic, an 
equation of the form 


Voss = m (x — #) + C (5) 


may be used to obtain a linear relationship between the observed 
velocity and the depth." This allows the particle velocity at the ceil- 
ing or floor of the cell to be obtained by linear extrapolations to the 
point x =0. The electroosmotic velocity’ may then be calculated 
directly by equation (5), for at the wall, 


Voss =V+U 


122 Komagata, S. ‘‘Researches of the Electrotechnical Laboratory.’ Tokyo. 1933. 
13 Moyer, L. §., & Abramson, H. A. Jour. Gen. Physiol. 19: 727. 1936. 
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The Cylindrical Cell of Circular Cross Section 


Types of cells of cylindrical cross section“ are illustrated in FIGURE 
8. Although hydrodynamically these cells are apparently more suit- 


Fiaure 8. Types of construction of electrophoresis cells of circular cross section. 


able than the flat electrophoresis cell, there are certain optical diffi- 
culties which at present make their use more complicated. There is, 
for example, considerable distortion of the images of objects suspended 
in cells of this type unless special optical precautions are taken. 
Focusing along the diameter becomes more difficult as the distance 
from the roof of the cell is increased. The observed velocity of a 
particle is, similar to the case of the flat cell, equal to 


Voss = V+ Vy, 


which in the cylindrical cell can be shown to be, 
2 
Voss =.V + u (75-1) 


where r is the radius and a the distance from the axis. It is our prob- 
lem to find the value of r in terms of a when Vy is zero, that is when 


or 


the position of the stationary level is obtained. The flow of liquid is 
zero in a cell of circular cross section at a distance of i from the axis 
or 0.14 of the cell’s diameter measured from the roof of the cell. ‘This 
corresponds to the level 0.21 for the flat cell. It is advisable in the 


“Mattson, 8. Kolloidchem. Beih. 14: 227. 1922. Jour. Phys. Chem. 32: 1532, 1928. 
37: 223. 1933. 


Mooney, M. Phys, Rev. 23: 396. 1924. 
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case of the cylindrical cell to plot the Vogs — a curve to obtain a linear 
relationship for the velocity of the particle relative to the liquid using 


the expression, 
4 
1 
V -=f Voss d (a?) . 
r Jo 


The value of this integral should be equal to the value of V at the 
level 0.14. 

In connection with the difficulties in focusing, it has been shown by 
Boswell and Larson" that the use of cylindrical electrophoresis cells 
is complicated by optical phenomena encountered in ascertaining the 
stationary level. If the lighting is from one side, a beam entering at 
the stationary level will be bent upward to the extent of 0.195 of the 
radius from the top and hence will give an erroneous measurement if 
the microscope is focused on the beam. A recent paper by Henry!® 
discusses this error in focusing in more detail. 


Calculation of Potential Gradient 


In the event that X, the potential gradient, is not simply the ap- 
plied e.m.f. divided by the length of the cell, several methods are 
available for calculating X.9 It may be determined from the dimen- 
sions of the entire system, from a calibration of the system with 
mercury, by means of sealed platinum electrodes which measure the 
potential difference with the aid of an electrostatic voltmeter, or, as 
the author prefers, from Ohm’s law directly. Since the cell itself is 
uniformly rectangular or cylindrical and the field is practically homo- 
genous throughout, 

Rae tee 
q 
where J = current; R = specific resistance of the suspension; g = 
cross-section of the cell. 


Effect of Differences in Sign of Charge on Particle and Wall 


_ In FiGuRE 9 are shown types of curves obtainable in microscope 
experiments, when the net charge of the wall and of the particle are 
positive, negative, or zero.!' Only if both particle and wall have a 
net charge of zero is no movement observed (curve 5). If both particle 
and wall are of the same sign, diminution in velocity always occurs at 


15 Boswell, A. M., & Larson, T.E. Jour. Phys. Chem, 40: 833. 1936. 
1s Henry, D.C. Jour. Chem. Soc. 997. 1938. 
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the wall and an increase occurs in the mid-regions of the cell. If the 
sign of charge differs, the opposite phenomenon occurs. The particles 
then have increased velocities near the wall due to the fact that the 
liquid streams near the wall of the cell in the same direction that the 


Figure 9. Nine types of curves obtainable in (flat cell) microscopic electrophoresis 
experiments. 


particle moves. In the mid-regions of the cell, owing to the back- 
flow of liquid, the velocity of the particle is decreased. It is remark- 
able to see a system where the observed velocity is constant at all 
levels in the cell. This occurs when the net charge on the wall of the 
cell is zero, i. e., no electroosmosis occurs. 


Rotating Field 


A novel series of experiments in which a rotating electric field was 
devised so as to cause microscopically visible particles to move in 
circles has been described by Pugh and Swartz.!” The rotating field 
was produced by applying a two-phase alternating current source to 
four electrodes placed at the corners of a square in a thin electro- 
phoresis cell constructed of a thin quartz chamber. The electrodes 
were formed by painting the proper design on the under side of the 
cover glass with gold paint and heating to 750° C. Over a small area 
in the center of the square, the corners of which are made up of the 
ends of the four gold electrodes, exists a uniform field constant in 
magnitude and rotating with constant angular velocity. Each particle 
then describes the circumference of a circle which will depend upon 


17 Pugh, E. M., & Swartz,C.A. Phys. Rev. 36: 1495. 1930. 
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the mobility of the particle, the circumference being greater, the 
greater the electric mobility (FIGuREs 10 and 11). 


(a) 
Figure 11. The 
lech 
rode. path of an oi] drop- 
. letin a rotating field 
(Pugh and Swartz). 
(6) 


Ficure 10. (a) Quartz cover glass 
with gold electrodes to produce ro- 
tating field. (b) Cross section of 
electrophoresis cell with cover glass. 
(Pugh and Swartz.) 


The diameter of the orbits described by oil droplets observed in the 
apparatus by Pugh and Swartz fluctuated considerably. These 
fluctuations were too rapid to enable Pugh and Swartz to make 
quantitative visual observations. The amount and rapidity of these 
fluctuations depended upon the size of the particles, similar to the 
way in which Brownian movement depends upon size. They were 
hardly perceptible with particles greater than 1p in diameter and 
were independent of the chemical constitution of the particle. The 
writer has observed a phenomenon in all probability similar to the 
fluctuation phenomenon just described. Very small particles mi- 
grating in a direct field undergo deviations from a straight line in 
their path, which appears to be somewhat irregularly wave-like in 
nature. They have not as yet been studied in detail by photographic 
procedures. 

The cell used by Pugh and Swartz was very thin, about 10u. Ina 
cell as thin as this and constructed as indicated, there is apparently no 
return flow of the liquid due to electroosmosis at the point where the 
particles are studied. The liquid in the small area under observation 
moves with the same velocity at all levels. In consequence, the 
velocity of the particle is constant throughout the thickness of the 
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cell. Nevertheless, the velocity of the particle relative to the liquid is, 
Voss = V + Vy, 


both V and Vy in this case being a constant. It would be of interest to 
test this relationship for systems where V = Vy. This can be done by 
covering both particle and wall of the cell with an adsorbed layer of 
protein, having previously determined the value of V. 


Alternating Field 


Cotton and Mouton!® have developed a method for the examina- 
tion of the linear path described by a particle moving in an alternating 
field. Svedberg and Andersson and others have developed pro- 
cedures to quantify these observations. 


Rotating Cell of Cylindrical Cross-Section! 16 
McTaggart has described the apparatus depicted in FIGURE 12. 


+= _ = 


Figures 12. Rotating electrophoresis cell for the study of gas bubbles. (McTaggart.) 


The glass stopcocks are arranged to carry platinum electrodes, be- 
tween which a small gas bubble is acted upon by the impressed electric 
field. By rotating the horizontal tube with sufficient velocity the gas 
bubble moves toward and remains in the central axis of the tube. 
The fact that the velocity at the center of the tube is independent of 
the tube’s diameter does not signify that Vo. is the velocity of the 
bubble relative to the liquid as has been frequently supposed. Before 
data so obtained can be given quantitative weight the curve of velocity 
at different levels must be analyzed in terms of the pertinent equations 
for cylindrical cells.2° 


Double-tube Cell 


It would seem that the methods used by the writer and by Moyer 
have been shown by virtue of numerous experiments involving com- 


18 Cotton, A., & Mouton, H. Compt. rend. 138: 1584, 1692. 1904. 

Svedberg, T., & Andersson, H. Kolloid. Z. 24: 156. 1919. 

Bluh, O. Ann. physik, 78: 177, 1925. 79: 143.1926. 80: 181. 1926. 

19 McTaggart, H. A. Phil. Mag. 27: 297. 1914, 28: 367.1914. 44: 386. 1922. 
Alty, T. Proc. Roy. Soc. (London) A106: 315. 1924. 

20 Bach, N., & Gilman, A. Acta Physico-chimica 9: 1. 1938. 

Klemm, A. Physik. Z. 39: 783. 1938. 
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parisons of the same systems with different methods, to be the most 
satisfactory at present for measurements on biological systems hetero- 
geneous in nature. However, the further development of a new 
technique presented by M. E. Smith and Lisse*! may increase the 
precision of the method. Smith and Lisse employ two tubes in parallel, 
T, and T%, in a closed system between platinum electrodes (FIGURE 13). 
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Figure 13. The double-tube cylindrical electrophoresis cell of Smith and Lisse. 


The relationship between the tubes is so fixed that the electroosmotic 
return flow, ordinarily taking place in the mid-regions of the single 
tube microelectrophoresis cell, takes place in the tube T2 of larger 
radius. Further, there is no movement of the liquid along the axis of 
the tube of smaller radius. Hence the velocity occurring at the center 
of T, (depth = 14) corresponds exactly to the velocity of the particle 
relative to the liquid, for in this system the “stationary level’’ is at 
the center of the cell. The velocity gradient is zero at this level, a 
situation which theoretically is also more desirable. In the single cell 
of cylindrical cross section, the velocity relative to the liquid is at the 
level 0.146 (0.854) while there is only one stationary level in the 
double-tube cell. 


Direct Application of Electrodes 


An attempt to investigate the electrokinetic potential of the leaf 
cells of Elodea has been made by Rubinstein and Uspenskaja.” 


2 Smith, M. E., & Lisse, M. W. Jour. Phys. Chem. 40: 399. 1936. 
22 Rubinstein, D. L., & Uspenskaja, V. Protoplasma 21: 191. 1934. 
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Leaves were placed on a slide in a plasmolysing solution in order to 
make the protoplasm round up within the box-like compartments of 
the cell wall. It was found that the protoplast moved to the positive 
ends of their cell compartments under the influence of an external 
field. Sen? has carried this type of research even further, observing 
directly the motion of protoplasmic particles within the intact hairs 
of Urtica dioica (nettle) and root hairs of Azolla pinnata (an aquatic 
fern). These cells were put on a coverslip, surrounded with mineral 
oil and inverted as a hanging drop preparation (FIGURE 14). In this 


Figure 14. The arrangement of Sen for investigation of intracellular electrophoresis. 
N, Nujol; W, Water; A, Azolla cells; C. Coverslip; e, Electrodes. 


position the particles in the cells continue in active Brownian move- 
ment for at least 24 hours. An electric field was applied by means of 
micro-electrodes of platinum (Pt-Ir, Ag-AgCl or agar gave the same 
results) held in a micromanipulator. These electrodes were not 
inserted into the cell but placed at both ends of the preparation. 
Upon applying the field to the Urtica hair, the intraprotoplasmic 
particles were seen to move toward the anode when observed under 
dark-field. If the field was reversed, reversal in direction occurred 
nearly instantaneously. A gradient of 4 to 40 volts was established 
between the electrodes, but there was no way of knowing just how 
much of this field strength was operating on the particles. With 


2 Sen, B. Ann. Bot. 48: 143. 1934. 
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currents higher than 15 uw amp., and of a duration longer than 5 
seconds, coagulation resulted; but under less severe conditions, the 
current could be applied and broken at least 12 times with no ob- 
_servable injury. 

In Azolla the particles carried a net negative charge. It was found 
that the cylindrical hair apparently functions as a cylindrical electro- 
phoresis chamber since particles moved with different mobilities at 
different levels in the cell. Sen reports that (1) particles near the cell 
wall scarcely moved, or, if at all, toward the cathode; (2) particles a 
slight distance away from the wall moved toward the anode; and (3) 
particles at the axis of the cell showed a maximum mobility irrespec- 
tive of their sizes and shapes. On breaking the field, the particles at 
position (2) reversed in direction of motion for a short time. Although 
Sen does not point it out, such behavior of particles, if observed in an 
electrophoresis cell, would probably be interpreted as indicating a 
nearly identical surface constitution for the particle and the wall of 
the cell. Whether the surface causing the equal and opposite electro- 
osmosis at the wall (although the surface itself must be negative) is to 
be identified with the inner side of the plasma membrane, cannot, of 
course, be decided now, but Sen’s results suggest possibilities of in- 
vestigating it in this indirect way. 


TABLE 1 


Tur RESULTS oF SEN FOR ELECTROPHORESIS IN A PLANT CELL 


Approximate Volts Distance in Time, 
Diameter of Applied Time, i Soe u/sec p/sec/volt 
Particle 
0.5 2 26 5 5.2 2.6 
2.0 2h* 16 3 5.3 2.6 
1.0 2 16 3 5.3 2.6 
2.0 2R 22 4 5.5 Pit 
0.5 4 32 3 10.6 2.6 
0 4R 21 2 10.5 2.6 


* R indicates reversal of current 


TABLE 1 shows Sen’s results with large and small particles in an 
Azolla hair 1.67 mm. in length and 22 » in diameter. The velocities 
given are for particles at the axis. Since we have essentially a parallel 
circuit, the current being divided between the water and the hair, 
doubling the applied field would probably double the potential gradient 
in the hair. That this is true is shown in column 6 where the writer 
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and Moyer™ have calculated the velocity in u/sec/volt. It will be 
noted that the constancy is quite good. This indicates the linearity 
of velocity with field strength, an observation which had not hitherto 
been reported for the electrophoresis of particles within living cells 
themselves. 


THE CHARGE DENSITY 


The Effect of Simple Salts on the Surface Density of Net Charge of 
Non-Ionogenic Surfaces 


It has been shown in the first part of this paper that the effect of 
salts on v, the electric mobility of particles with non-ionogenic surfaces 
is a complicated one. Not only is there the usual decrease in v with 
increasing concentration of simple salts, but also peculiar maxima 
are observed in dilute solutions. (See rigurE 2 for a typical ¢-c or 
v-c curve.) 

How can this curious type of curve be explained? Theoretical 
considerations of this problem have indicated that the charging process 
of a surface must be considered. As we have emphasized before, the 
charge of the simple ion remains constant even though its mobility 
decreases. This is by no means the case when non-ionogenic surfaces 
are considered. As the concentration of salts increases, the net 
surface charge density changes as more ions are added to the solution. 
By means of equation 2, or one of its simplified forms, we have a means 
of following changes in the net surface charge with the concentration 
of the salt. It should be noted at this point that ionogenic surfaces 
like protein are not included in our present discussion. Data on the 
effects of salts on the charging process of protein are published else- 
where. Keeping in mind then the complex form of the t-c curve, 
examine FIGURES 15 to 19 which illustrate what occurs when the 
density of net charge co is calculated. Characteristic of the o-c 
curve in every instance is, that with addition of salts, not reversing 
the sign of charge, o increases sharply and almost linearly at low con- 
centrations, with the charge density apparently reaching a limiting 
value at about c = 0.001 Molar. The descending part of the curve 
given in FIGURE 2 has frequently been taken to represent a discharge 
of the surface of a particle, since aggregation frequently occurs in this 
concentration range. Figures 15 to 19 demonstrate that, contrary to 
this notion, the addition of salt is actually accompanied by an increase 


* Abramson, H. A., & Moyer, L. 8. Trans. Electrochem. Soc. 71: 135. 1937. 
2s Abramson, H. A., & Mueller, H. Bull. Proc. Am. Phys. Soc. 7: 11. 1932. Cold 
Spring Harbor Symposium 1: 1933. 
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Fiaure 16. The effect of a simple salt 
on silica gel calculated from data of Glixelli 
and Wiertelak. The smooth curves are 
typical isotherms. 
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Fieure 15. The points on the V-—c curve 
have been calculated from data of Ellis pub- 
lished in 1911, and from data of Mooney 
(1931). 
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Figure 17. Calculated from data of Loeb. Figur: 18. Calculated from data of Loeb. 
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Ficure 19. The effect of salts on the surface density of net charge on glass. From data 
of Furutani, Kurokochi, and Asoda. The smooth curves have been drawn according to a 


form of the Langmuir isotherm. 
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of the net charge even in the region where it is known that rapid 
coagulation may occur. The course of the {-c or v-c curve is due to 
the fact that the mobility depends upon two variables: (1) the way in 
which the charge density of the surface changes; and (2) the way in 
which «x, the reciprocal thickness of the diffuse ionic atmosphere 
changes, with both of these being dependent upon c. ¢ and x presum- 
ably vary quite differently with c. As c increases 1/« decreases; when 
c is small, the increase in o is more important, that is, in low concen- 
trations of salt the charging process by the ions is more important than 
the change in the diminution of the thickness of the double layer. 
But if c increases further, the decrease in 1 x becomes more important 
in flattening out the curve as saturation occurs by what is probably 
ionic adsorption. 

The reader will have noticed that the form of all the o-c curves 
bears a strong resemblance to the simple adsorption isotherm. The 
smooth curves of FiguRES 15 to 19 have actually been plotted by an 
equation of the form, 


iar Beppe hct ofa 
SM eRe 


where oyB is the initial slope of the o-c curve and cy is equal to the 
limiting value of c within the concentration range. The agreement is 
excellent. It indicates that selective adsorption of the negative ion in 
all probability occurs. The curves for the different alkali halogens 
and alkaline earth halogen show fewer variations than the curves of 
potassium bromide, iodide and chloride. Especially large values of 
the net charge are obtained for the sulphates and ferrocyanides. The 
data indicate that for glass, graphite and collodion, the adsorption 
potential increases in the series Cl-, Br~, I-; Lit, Nat, K+, Rbt, Cst; 
Mgtt, Ba**, Ca*+, and that in general, for these surfaces the adsorp- 
tion potentials of the positive ions are considerably smaller than those 
of the negative ions. 

It is of interest to calculate, neglecting the adsorption of positive 
ions, the fraction of the area occupied by the ions representing the net 
charge at a limiting value of c. In the case of glass, o is equal to 9,000 
E.S.U., representing about 2 X 10" ions per cm?. If the area occupied 
by each ion is taken as 5 X 10-" cm?, the limiting area occupied by 
the excess negative charges is about 0.01 cm? or 1% of the surface. 
This is a rather higher value than that deduced by previous investiga- 
tors, but is compatible with the simple type of adsorption postulated. 

It may have been noted that the o-c curves have been plotted so 
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that the curves pass through the origin. The o-c curves represent not 
the net charge of the surface but the net charge due to the addition 
of ions." This may be understood on the basis of the following reason- 
ing. The values of o given in the curves have been corrected for the 
original charge due to the ions in distilled water. In each case the 
total charge or has first been calculated. This total charge is due both 
to the ions of the solvent and dissolved carbonic acid and to the ions of 
the added salt. If ow is due to the ions of the solvent and carbonic 
acid alone, the charge due to the salt is evidently, 


Cai Geir O77; 


gis, then, the value of the net charge due to the salt itself. 

The o-c curves of all other non-ionogenic surfaces which have been 
investigated in solutions of simple salts show the same characteristics 
found for those presented here." 


The Effects of Salts on the Surface Density of Net Charge on 
Bacterial Surfaces 


In TABLE 2 are calculation of o from data of Northrop and DeKruif 
on the effect of salt on the charge density of unsensitized typhoid 
bacilli. As the concentration of salt increases the ¢-potential drops. 
However, co, the charge density, increases from 224 to 924 E.s.U. 
Similar calculations (from the data of Mudd and Joffe) are presented 
in TABLE 3, where in addition to the drop in the t-potential, there is 
actually an increase in the charge density, with increasing salt con- 
centration and agglutination, the charge density rising from 1420 
E.s.U. to 3150 £.s.u. Further investigation of the effect of salts on ¢ 
and on o is desirable, especially of the simpler salts like KCl and 
NaeSOu. 

TABLE 2 


INFLUENCE OF UNI-UNIVALENT SALT CONCENTRATION ON THE 
Cuarce Density or UNSENSITIZED TYPHOID BaAcILLI 


M Agglutination ¢ a ae 3 G 
0.0001 None 0.030 224 
0.0005 None 0.025 417 
0.001 None 0.022 530 
0.01 None 0.010 700 
0.05 None 0.006 924 


a 
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TABLE 3 


Tur INFLUENCE OF THE Saut ConcenTRATION (NaCl) on THE CaarcEe DENSITY 
oF UNSENSITIZED ‘‘RouGcH”’ TypHor BAcILLI 


oe ° f : 
M Agglutination n/sec. volts E.S.U. 
0.001 ae 3.9 0.053 1,420 
0.004 a Ae 3.6 0.049 2,590 
0.01 shade 3.2 0.043 3,390 
0.02 ++ 2.4 0.038 pe! 
0.04 mean 1.6 0.022 3,150 


More accurate data than those presented in the tables have been 
obtained by Moyer,?° who studied the effect of acetate buffers of 
constant pH but varying ionic strength on the electric mobility and 
charge density of E. Coli. His curves are reproduced in FIGURE 20. 


' 
cx10° 

} Figure 20. Charge density concentration curves of E. Coli in acetate buffers. Open 
circles; rough form. Closed circles; smooth form. (Moyer.) 


Fiaurn 21. Mobility-concentration curves of E. Coli in acetate buffers. 0) circles; 
rough form. Closed circles; smooth form. (Moyer.) pes ia 


26 Moyer, L. S. Jour. Bact. 32: 433. 1936. 
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Note that the smooth form (closed circles) reaches the maximum 
value of o at approximately 0.001 M., whereas the rough form (open 
circles) is still increasing the value of its surface charge. Compare 
the o-c curves with the v-c curves reproduced from Moyer in FIGURE 
21. The remarkable constancy of oy in the lower curve of FIGURE 20 is 
both confirmatory of the general validity of the theory and a tribute 
to Moyer’s experimental skill. 


The Charge Density of Mammalian Red Blood Cells 


Red blood cells may be readily studied by the microscopic method 
of electrophoresis.27. The data given in the table show the wide 
difference in electric mobility of the blood cells in different mammals. 
Cells of young monkeys, young rabbits, have the same speed as those 
of adults. The following series shows the order found: 


Rabbit < Sloth < Pig < Opossum < Guinea pig < Man 


(0.55) (0.97) (0.98) (1.07) (1.11) (1.31) 
Monkey < Mouse, Cat < Rat < Dog 
(1.33) (1.40) (1.39) (1.45) (1.65) 


The electric mobilities of the cells (given in parenthesis) are pro- 
portional to the €-potential. They do not give us any indication of 
the charge density or the net charge of each cell. Values of o were 
calculated (TABLE 4), by means of equation (2) from the data ob- 


TABLE 4 

: Number} Area 
Animal Mobil- ¢ o Area Net of elec- | occu- 
ty charge trons pied 

p/sec volts E.8.U. | cm? X |E.S.U. X}| X10-* | per cent 

108 108 
PDD timate as 0.55 | 0.00704 1890 1.10 2.08 4.37 0.40 
Slothiwes vais 0.97 | 0.0124 | 3330 — — —~ — 

rae See a eee 0.98 | 0.0125 | 3360 0.95 3.19 6.70 0.70 
Opossum...... 1.07 | 0.0187 | 3680 1.56 5.74 | 12.0 0.77 
Guinea pig....| 1.11 | 0.0142 | 3780 1.15 4.35 9.14 0.80 
IO Bt eho eee 1.31 | 0.0168 | 4500 1.63 7.34 | 15.4 0.94 
Rhesus monkey.| 1.338 | 0.0170 | 4570 1.37 6.26 | 13.2 0.96 
Catena ee 1.39 | 0.0178 | 4780 0.80 3.82 8.03 1.00 
Mouse........ 1.40 | 0.0179 | 4800 0.96 4.61 9.70 1.01 
RAGA A stale 1.45 | 0.0186 | 4980 1.02 5.08 | 10.7 1.05 
DOR Ma hse 1.65 | 0.0211 | 5660 1.22 6.90 | 14.5 1.19 


27 Abramson, H. A. Jour. Gen. Physiol. 12: 711. 1929. 
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tained with various types of mammalian red cells** in isotonic phos- 
phate buffer at pH 7.4. Through the kindness of Dr. E. Ponder the 
surface areas of these red cells were determined and, using these 
values, the net charge per cell was calculated from c. It may be 
noted in TABLE 4 that the net charge of the red cell does not vary in 
the same order from species to species, as does the value of o, the 
charge per unit area. Nor does there seem to be any clear relationship 
between the net charge per cell and zoological classification. These 
differences in mobilities may be directly observed in mixtures com- 
posed of the cells of different animals. 

By dividing the net charge by the electronic charge the number of 
effective electrons at the surface has been calculated (TABLE 4, last 
column). For example, in the case of man there are 15,000,000 
effective electrons on each cell, the highest value amongst these 
mammals. One might say this corresponds to the valence of each 
cell. A similar computation of the net charge has been made for the 
typhoid bacillus.! The values never rise far above 1%, which agrees 
in magnitude with the data obtained on the surfaces discussed in the 
foregoing and even with the ionic saturation values of protein mole- 
cules. 

Ion Antagonism and the o—c Curve 

The ¢-potential of cellulose was found by Bull and Gortner?® to 

show no evidence of ion antagonism when chlorides of various cations 


Liefe) 
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Fieure 22. Charge density and ion antagonism, (Moyer and Bull.) 


28 Abramson, H. A., & Moyer, L.S. Jour. Gen. Physiol. 19: 601. 1936. 
2° Bull, H. B., & Gortner, R.H. Jour. Phys. Chem. 35: 700. 1931. 
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were studied. However, by calculating the charge density as indi- 
cated in FIGURE 22, Moyer and Bull showed that definite ion antag- 
onism exists at the surface. This is the first instance in which quanti- 
tative data have shown a connection between ion anatgonism and 
electrical effects, although similar phenomena have been observed in 
coagulation studies. 

The charge density of proteins may be analyzed by similar methods. 
However, ionogenic surfaces, the net charge of which are profoundly 
influenced by the pH of the medium, require special consideration. 
At present the data required for an analysis of these systems should 
include the effects of salts on the electric mobilities of proteins, the 
isoelectric points of which are not shifted appreciably by the salt. 

The net charge of an ideal protein ion of this type should be de- 
termined primarily by the pH of the medium, and although its mo- 
bility would decrease without passing through a maximum (FIGURE 2) 
with the addition of salt, the net charge would remain constant as for 
a simple ion like potassium. 
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THE MOVING BOUNDARY METHOD FOR 
STUDYING ELECTROPHORESIS 


By Kurt G. Stern 


From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven, Connecticut 


INTRODUCTION 


The first electrophoretic experiment on record was performed by 
the Russian physicist Reuss in the year 1807. His apparatus con- 
sisted of two pieces of glass tubing which were driven into a block of 
wet clay and filled with water. A layer of sand was put on the bottom 
of the tubes which were then connected with the poles of a voltaic pile 
made of 74 silver-zinc couples. Upon closing the circuit the water in 
the tube connected with the positive pole assumed a milky appearance 
due to the electrophoretic migration of colloidal clay particles through 
the sand layer. At the negative pole the water remained clear but 
increased in volume thus exhibiting the phenomenon of electroosmosis. 
The observations of Reuss were confirmed and extended, among 
others, by Faraday and by Du Bois-Reymond. The first quantitative 
studies were undertaken by Wiedemann in 1856 and by Quincke in 
1861. The measurements of the latter showed that the rate of mi- 
gration of particles in a field is alinearfunction of the potential gradient. 

The first workers to experiment with a V-shaped cell, the forerunner 
of the U-tube, were probably Picton and Linder (1892-1897). They 
studied the movement of boundaries of As,Ss, shellac, ferric hydrate, 
hemoglobin and other colloidal sols in dependence of the direction of 
the current and of the acidic or basic character of the colloid. By 
reversal of the direction of current they demonstrated the reversi- 
bility of the phenomenon. 

Hardy, in his classical study on the electrophoresis of proteins in 
1905, laid the foundations for much of the current work. With the 
aid of a U-shaped tube containing a layer of the colloid, e. g. of an 
opalescent globulin solution, under a supernatant fluid of the same 
electrolyte content he was able to perform quantitative determinations 
of the mobility of the boundary of the colloid. 

The moving boundary method of studying the electrophoresis of 
colloids and in particular of proteins which form the object of most of 
the recent investigations owes much to the pioneering research by 
Lodge, Whetham, Nernst, Masson, Denison and Steele, MacInnes, 

(147) 
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Kohlrausch, and other workers on the behavior of the ions of ordinary 
electrolytes in electric fields. For a discussion of the bearing of that 
work on the problem of electrophoresis of proteins and for a review of 
the earlier researches on the electrophoresis of proteins themselves 
reference is made to the book by Pauli and Valk6' and to the disserta- 
tion by Tiselius.2 The technical development of the subject up to 
1931 has been reviewed by Prausnitz and Reitstétter.* 


SIMPLE U-TUBE ELECTROPHORESIS CELLS 


In order to study electrophoresis by the moving boundary method 
it is necessary to stratify the solution of the substance under investi- 
gation, e. g. of a protein or polysaccharide, below a layer of the solvent, 
e. g. a buffer solution. Three methods are available for the formation 
of the well-defined boundary required for this purpose, viz. (1) es- 
tablishment of contact between solution and solvent with the aid of 
stopcocks after attainment of temperature equilibrium, (2) controlled 
flow of the solution containing the colloid (under hydrostatic or air 
pressure) below the solvent causing a gradual displacement of the 
latter, and (3) mechanical withdrawal of slides separating the solution 
from the solvent or the equivalent mechanical alignment of sections 
filled with solution and solvent respectively. Arrangements employ- 
ing these various principles will be described below. 

The first U-tube cell with stopcocks in each limb for the formation 
of the boundaries was described in 1908 by Landsteiner and Pauli. 
A modification of this cell, employing as an important improvement 
reversible electrodes, has been extensively used by Michaelis and his 
students.* It is shown in FiguRE 1. 

The direction of migration of the colloid may either be observed 
visually, provided the substance is colored or opalescent, or it may be 
ascertained by closing the stopcocks A and B at the end of the experi- 
ment and subsequent analysis of the fluids in compartments 2 and 4 
for the presence of the colloid. If the substance is endowed with 
catalytic properties, e. g. enzymatic activity, the sense of migration 
at a given hydrogen ion concentration may be determined even in 
quite crude or highly diluted preparations with the aid of suitable 
catalytic test reactions. This simple cell has proved its usefulness for 

1 Pauli, W., & Valko, L. Electrochemie der Kolloide. Dresden & Leipzig 1933. 

2 Tiselius, A. Nova Acta Soc. Sci. Upsala. IV 7 (4). 1930. 


‘3 Prausnitz, P. H., & Reitstdtter, J. Electrophorese, Electroosmose, Electrodialyse in 
Flissigkeiten. Dresden & Leipzig 1931. 


‘Michaelis, L., & Rona, P. Praktikum der Physikalischen Chemie. Julius Springer, 
Berlin 1930. 
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the determination of the isoelectric point of various biocolloids such 
as hemoglobin, invertase and catalase.® 

While this apparatus is suitable as a “null instrument,” 7. e. for 
establishing the pH at which the mobility of the colloid becomes zero 
or at which the direction of migration will change, it cannot be used 
for absolute mobility determinations on account of the inhomogeneity 
of the field caused by the various restrictions in the path of the current. 


Aath 
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Ficgure 1. Landsteiner and Pauli’s Electrophoresis Cell, as modified by L. Michaelis. 
The sol to be studied is placed in compartment 3, while 2 and 4 are filled with the buffer 
solution. The side tubes 1 and 5 are also filled with buffer solution and serve as connections 
to the electrode vessels. The nature of the electrodes is indicated in the figure. The stop- 
cock C is opened briefly to equalize the hydrostatic pressure in the cell and is kept closed 
during the electrophoresis. Contact between the sol and the supernatant buffer is made by 
cautiously opening the stopcocks A and B. In order to avoid boundary disturbances due to 
the restriction of the tube by the stopcocks, the density of the sol in compartment 3 is in- 
creased by adding some sucrose toit. For supply of current the apparatus may be connected 
with the electrical mains carrying 110 or 220 v. D.C. 


In a second apparatus, designed by Michaelis® for rate measurements, 
the cross-section of the U-tube is maintained uniform throughout by 
the use of wide-bore stopcocks. The limbs of the tube above the 
stopcocks are graduated so as to permit readings of the position of the 
boundaries free from parallax (FIGURE 2). 

In order to avoid thermal convection currents which tend to destroy 
the definition of the boundary the cell must be immersed in a water 
thermostat and the heat produced by the current must be kept as 
small as possible (see below). The cell has been used for measurements 


5 Michaelis, L., & coworkers. Biochem. Z., 16: 81, 486. 1909. 19:181. 1909. 29: 439. 
1910. 33: 456.1911. 41: 102, 373.1912. 47: 260.1912. 53: 320. 1913. 
6 Michaelis, L., & Airila, Y. Biochem. Z., 118: 144. 1921. 
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of the electrophoretic mobility of a number of colloids, e. g. mastix 
sols, hemoglobin,* etc., and for the determination of the isoelectric 
point of various enzymes, e. g. catalase,’ and biological pigments, eé. g. 
ovoverdin, the carotenoid-protein of the egg of the lobster.® 

In its original form the electrophoresis cell of Michaelis yields only 
three fractions for subsequent analysis, viz. the fluid in the lower 


Ficgurn 2. Electrophoresis Cell for Quantitative Experiments acc. to Michaelis. Con- 
tact with the electrode vessels is established by agar-KCl bridges. Both electrodes are of 
copper and dip into a CuSQ, solution. Since the mechanism of depolarization is symmetri- 
cal here, the direction of the current may be reversed during an experiment in contrast to the 
arrangement shown in FiguRE 1. A suitable potential gradient is about 3 volt/em. It is 
produced by applying an external current of 100 volt to an U-tube of 32 cm. length (as 
measured between the tips of the agar bridges which are not shown in the figure). 


part of the U-tube under the two stopcocks and the solutions obtain- 
able from the side limbs above the stopcocks. The provision of two 
additional openings at the top of the side limbs as suggested by H. 
Theorell makes it possible to obtain a much greater number of samples. 
A large series of experiments on blood sera and serum proteins has 
been performed by Bennhold® with the aid of such a modified cell. 


7Stern,K.G. Z. Physiol. Chem. 208: 86. 1932. 

8 Stern, K. G., & Salomon, K. Jour. Biol. Chem. 122: 461. 1938. 

*Bennhold, H. Ergebn. inner. Med. & Kinderheilkunde 42: 273. 1932. Kolloid, Z. 
62: 129. 1933. 
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Figure 3 shows the form of the apparatus and it illustrates the phe- 
nomena observed during a typical experiment. 

In this particular experiment the bottom compartment was filled 
with serum plus sudan red plus naphthol yellow while the side arms 
contained salt solutions of the same conductivity and the same pH. 
During the run illustrated in rigurE 3 A. the pH was 8.2 whereas it 
was 5.0 in the test pictured in rigurE 3 B. 


+ 
swf Schneliwanderndes ilhersohicassendes 
K Naphtholgelb 
ie, Naphtholgelb» Sturo 
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Fieure 3. Experiment on the *‘transport function’’ of serum in the modified Michaelis 
cell (Bennhold). The diameter of the tube was 6 mm throughout. The current had to 
traverse a distance of 45 cm from one to the other electrode. The potential applied was 80 v, 
corresponding to a potential gradient of 1.8 v/em, The electrodes were of the Cu-CuSO, 
type. A temperature of 20° was maintained by immersion into a tank of 45 liter capacity. 


In the event that the migration of the boundary of a colorless 
colloid, e. g. a protein, is to be observed, a narrow beam of light is pro- 
jected into the system from above with the aid of a condenser lens and 
a strong light source. The presence of protein is thus detected at a 
given level of the tube by the Tyndall phenomenon. For sampling 
purposes a capillary pipette is introduced through one of the top 
orifices of the U-tube after immobilizing the fluid by closing the 
stopcocks. 
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Bennhold was able to show that the bilirubin present in serum is 
quantitatively linked to the albumin component whereas the choles- 
terol migrates with the globulin fraction. When naphthol yellow and 
sudan red are added in small amounts, the former will migrate with 
the albumin and the latter with the globulins thus allowing direct 
visual observations of the electrophoretic separation of the serum 
proteins. If the dyes are added in excess the portion not bound by 
the protein exhibits the high mobility of low-molecular ionized parti- 
cles (see FIGURE 3). As another example for the usefulness of this 
simple apparatus the following experiment may be quoted. Chem- 
ically purified liver catalase solutions exhibit maxima of light absorp- 
tion in the visible range of the spectrum at 622 and at 409 my. The 
disappearance of the band at 622 my upon adding ethyl hydrogen 
peroxide and its gradual reappearance accompanying the breakdown 
of this substrate (Stern) as well as other observations showed that the 
enzyme itself was responsible for the absorption maximum in the red. 
In order to determine whether the maximum situated in the violet 
(at 409 my.) is also due to the enzyme or to an impurity a liver catalase 
preparation was subjected to electrophoresis in the modified Michaelis 
cell. The pigment layer was permitted to migrate in a field of 0.95 
v/cm at 24° for 26 hours (specific conductivity, 0.0091). At the hydro- 
gen ion concentration chosen (pH 6.78) the enzyme molecule carries 
a negative charge and is sufficiently stable under the conditions of the 
experiment. Three fractions were obtained by pipetting off three 
layers, each 2 cm. high, of the pigmented solution contained in the 
anode limb of the apparatus, and the relative absorption spectrum of 
each fraction was recorded with the aid of Hardy’s automatic photo- 
electric spectrophotometer. The substantial agreement of the ratios 
of the densities measured at 409 and 622 my, viz. 10.3, 11.4 and 11.5, 
supports the view that both absorption maxima are caused by the 
same substance, 7. e. by the enzyme catalase.!° 


QUANTITATIVE ELECTROPHORETIC STUDIES BY THE 
LIGHT ABSORPTION METHOD 


The theory, technique and application to the electrochemical study 
of proteins of the light absorption method are treated in detail in 
the classical publication by Arne Tiselius.2 This work had grown out 
of preliminary experiments by Svedberg with Jette! and Scott? who 

10 Stern, K.G. Biochem. Jour, 121: 561. 1937. 


1 Svedberg, T., & Jette, E.R. Jour. Am. Chem. Soc. 45: 954. 1923. 
12 Scott, N. D., & Svedberg, T. Jour. Am. Chem. Soc. 46: 2700. 1924. 
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took photographs of egg albumin solutions during electrophoresis 
utilizing the green fluorescence emitted by the protein when irradiated 
with long-wave ultraviolet light. The long time of exposure required 
(10 min.), the impossibility to immerse the apparatus in a water 
thermostat, and the risk of contamination by other fluorescent sub- 
stances made the method seem impractical. Consequently Svedberg 
and Tiselius*® sought to improve the method of optical observation of 
electrophoresis by using the fact that all proteins will absorb more or 
less strongly radiation of wave lengths below 300 my. The absorption 
maximum of proteins is usually situated close to 270 mu. In these 
preliminary experiments, performed with egg albumin near the iso- 
electric point, the rate of electrophoretic migration was determined 
by direct measurement of the distances on the photographic plate, 
a procedure yielding only approximate values due to the lack of 
definition of the boundaries and the small distances involved. The 
principle of following the migration of protein boundaries with the aid 
of short-wave ultraviolet radiation was first applied successfully by 
Svedberg and his collaborators to the study of the sedimentation of 
proteins in the ultracentrifuge. 

The general arrangement of the apparatus employed by Tiselius is 
indicated in FIGURE 4. The choice of long focal distances of the 


Fig. 4. 


Fieurs 4. Arrangement of Electrophoresis Apparatus of Tiselius for Light Absorption 
Method. L, Lamphousing, double-walled and water cooled, containing as the light source a 
quartz mercury lamp of the vertical type (Heraeus), run on 120-130 v from storage batteries. 
In front of the housing is a screen of ground, fused quartz. T, Water thermostat, main- 
tained at 20° within 0.01°, stirred by a detached motor stirrer and equipped with plane paral- 
lel windows of bubble-free fused quartz. 'The tank contains the electrophoresis cell (see 
FIGURE 5) in a mount insuring an exactly defined position of the cell and at the same time 
serving as a diaphragm to screen out all radiation except that passing through two rectangu- 
lar openings behind the limbs of the U-tube, K, Camera, equipped with a biconvex quartz 
lens of 630 mm focal length at \) = 253 my and a combination of chlorine and bromine filters 
transmitting only radiation below 280 mz to which the plates used (Imperial Process Plates) 
are sensitive and visible light in the yellow and of longer wave length to which the plates em- 
ployed are insensitive. The camera is equipped with a movable plate holder accommodating 
20 exposures (7.5 X 35 mm) on one 9 X 12cm plate. Magnification ratio about unity. 


13 Svedberg, T., & Tiselius, A. Jour. Am. Chem. Soc. 48: 2272. 1926. 
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camera lenses is necessary to avoid parallax. Mechanical vibrations 
are excluded by suitable shock-proofing. 
The electrophoresis cell used by Tiselius is shown in FIGURE 5. 


Figure 5. Electrophoresis Cell according to Tiselius. 


The portion of the U-tube in which the migration of the boundaries 
of the protein solution is recorded by ultraviolet photography consists 
of fused bubble-free quartz. The two cylindrical limbs are ground 
with precision to yield a uniform cross section (0.76 cm?). The mi- 
gration of the boundaries is followed within an area enclosed by two 
indices (30 mm distance). The bottom of the U-tube is connected 
through a capillary and a stopcock with the storage vessel for the 
protein solution. This vessel as well as the remainder of the cell are 
made of glass and connection is made with the quartz U-tube by 
rubber tubing. The comparatively large electrode vessels are con- 
nected with KCl storage containers through glass capillaries. The 
electrodes are of the silver-silver chloride type and are immersed in 
saturated KCl solution. The current needed is supplied by a storage 
battery of 50 cells (100 v). 

The experimental procedure is briefly as follows. The electrode 
vessels and the U-tube are filled with the supernatant buffer to be 
used in the experiment. The buffer must have the same pH and the 
same conductivity as the protein solution. This condition can be met 
by dialyzing the protein solution against the supernatant buffer or by 
the addition of a neutral salt, e. g. KCl, to the solution of lower con- 
ductivity under conductometric control. While the stopcocks are 
kept closed the central storage vessel in the back of the cell is filled 
with the protein solution and the two side storage vessels are filled 
with saturated KCI solution. After placing the electrodes into the 
large cylindrical vessels the cell is immersed in the water thermostat. 
When temperature equilibrium is reached the two side stopcocks are 
opened and the KCl solution is allowed to flow slowly into the elec- 
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trode vessels and to stratify there under the buffer solution. ‘The 
electrodes are now surrounded by concentrated KCl solution as is 
required for reversibility of the electrodes. Now the stopcock con- 
necting the U-tube with the protein container is cautiously turned 
until a flow of the protein solution through the capillary tube is just 
perceptible. Tiselius recommends to increase the pressure gradually 
by air pressure regulated by a water manometer arrangement. Ex- 
perience in this laboratory has shown that satisfactory boundary 
formation may also be obtained by refilling the protein container up 
to the original level from time to time and thus permitting the protein 
solution to enter the U-tube under its own hydrostatic pressure. 
The formation of a sharp boundary is an essential condition in this 
method and it requires a little experience. In the light absorption 
method the protein concentration is limited to a narrow range if the 
photographic image is to show the correct contrast. On the other 
hand, the higher the density of the protein solution the easier is the 
stratification and the smaller becomes the risk of boundary disturb- 
ances due to thermal convection during electrophoresis. The protein 
concentration satisfactory for the diameter of the quartz tube em- 
ployed by Tiselius (9.9 mm) was found to be 0.1 to 0.4 per cent. 
When the protein boundary has reached the middle between the two 
indices on the U-tube the stopcock is closed and the current is switched 
on. Photographic exposures are taken in regular intervals, depending 
on the mobility of the protein at the hydrogen ion concentration 
chosen. After some time the direction of the current is reversed and 
more exposures are taken while the boundaries move back to the 
original position. A series of pictures secured in this way is repro- 
duced in FIGURE 6. 

After the completion of a run the U-tube is filled with a series of 
different concentrations of the protein used in the experiment and 
photographs are taken on the same plate in order to obtain a concen- 
tration scale giving the relation between the actual protein concen- 
tration and the degree of blackening of the photographic plate. The 
plate is then analyzed with the aid of a registering microphotometer. 
The curves thus obtained form not only the base for the calculation 
of the electrophoretic mobility of the protein but their shape indicates 
also the degree of homogeneity of the preparation examined. If the 
solution contains only one component of a high degree of electro- 
chemical homogeneity the slope of the photometer curves remains 
essentially unchanged throughout the course of the experiment, the 
only change which takes place being the distance of the boundary from 
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the indices. A minor degree of homogeneity is indicated by a change 
in slope of the photometer curves with time, 7. e. by a spreading of the 
protein boundary in excess of that normally occurring due to diffusion. 
The presence of several electrochemically different components is 
revealed by distinct steps in the photometer tracing. The mobility, 
u, is defined as the distance of migration per second per volt, expressed 
inem. For proteins it is found of the order of 10-> cm? v~ sec™. A 
protein is perhaps best characterized in electrochemical respect by 
the value of the slope of the pH-mobility curve near the isoelectric 
point (du/d pH,). But it is often desirable to construct, from a 


Fiaure 6. Electrophoresis of C-phycocyan, a chromoproteid from algae, with the light 
absorption method (Tiselius). 


number of experiments at varying hydrogen concentrations, a com- 
plete pH-mobility curve. 

The accurate determination of the mobility requires an accurate 
knowledge of the potential gradient existing in the U-tube during the 
experiment. Contrary to the usage of reading off the voltage on the 
apparatus and dividing it by the distance between the electrodes 
Tiselius prefers to measure the current intensity at frequent intervals 
and to obtain the potential gradient, F, with the aid of the formula 


Fete. 
qk 


where 7 = current intensity in terms of ampere, x = conductivity of 


STERN: METHOD FOR STUDYING ELECTROPHORESIS 157 


the solutions, and q = cross section of the U-tube at the place where 
migration of the boundaries occurs. 

It is of importance to ascertain the extent of heat production in the 
apparatus during electrophoresis. The heat w watt produced per cm? 
and second in a tube of the cross section area q cm? at a current 
intensity 7 ampere and a conductivity « is obtained by 


2 
wD = — F? x. 

qk 
The heat production is therefore independent of the dimensions of 
the U-tube. In test experiments with alternating current Tiselius 
found that with a protein concentration of 0.2 per cent heat effects 
may cause boundary disturbances if the heat production exceeds 
10-* watt per cm*. Marked thermal disturbances manifest themselves 
by sharpening of the boundary and by the upward streaming of a 
fine column of dilute protein solution in the center of the boundary 
(see also Tiselius"*). 

For a discussion of other boundary anomalies reference is made to 
Tiselius’ paper.’ 

The following well-defined proteins were studied by Tiselius with 
the aid of the light absorption method: Egg albumin, serum albumin, 
the algae chromoproteins phycoerythrin and phycocyan, Bence Jones 
protein, helix hemocyanin. All of these proteins are sufficiently 
soluble in the vicinity of the isoelectric point to permit a determina- 
tion of the value of du/d pHo. It was found that the position of the 
isoelectric point depends to some extent upon the composition of the 
medium. In the case of egg albumin there exists a distinct discrepancy 
between the isoelectric point and the point of minimum acid-base 
binding capacity. From the mobilities in the isoelectric region and 
the molar frictional coefficients as determined with the ultracentrifuge 
the apparent charge of the proteins could be calculated. Experiments 
with artificial protein mixtures, e. g. Bence Jones protein plus phyco- 
erythrin or egg albumin plus Bence Jones protein, and with hetero- 
geneous natural protein preparations, e. g. serum globulin, demon- 
strated the value of the method as a test for homogeneity. It was 
possible to study the effect of purification of protein preparations on 
the electrophoretic diagram. Thus an egg-white preparation from 
which the globulin component had been removed by dialysis yielded 
a distinctly distorted curve upon photometry of the migrating bound- 
ary indicative of a substance moving in the same direction as egg 


4 Tiselius, A. Trans. Faraday Soc. 33: 524. 1937. 
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albumin but with a greater mobility (probably ovomucoid). On the 
other hand it was found that a material which proves to be non- 
uniform in the analytical ultracentrifuge does not necessarily exhibit 
inhomogeneity in the electrophoresis apparatus. A case in point is 
the phenomenon of reversible pH-dissociation of large protein mole- 
cules at hydrogen ion concentrations far from the isoelectric point. 
C-phycocyan and phycoerythrin, for example, which according to 
Svedberg and Katsurai tend to dissociate into smaller particles at 
pH 6.8 and 11 respectively are electrochemically homogeneous under 
the same conditions. This fact demonstrates clearly that the rate of 
migration in an electrical field is primarily a function of the charge 
on the protein molecule and is only little influenced by its shape or 
size. As long as the charge remains constant the mere dissociation of 
macromolecules into smaller aggregates does not manifest itself upon 
electrophoretic analysis. It is to be expected that factors of secondary 
importance with regard to electrophoretic mobility, e. g. shape and 
size, will be more readily detected in experiments at high mobilities, 
z. e. when working far away from the isoelectric point, whereas infor- 
mation concerning the uniformity of the particles with regard to the 
isoelectric point may best be gained when operating at low mobilities. 
A so-called “isoelectric zone” where migration takes place towards 
both electrodes at the same time is always indicative of non-homo- 
geneity of a protein preparation. A single well-defined protein should 
show an equally well-defined point of reversal of direction of migra- 
tion upon varying the hydrogen ion concentration. 

Following the original work of Tiselius with the light absorption 
method the apparatus has been used by Tiselius and other investiga- 
tors in Svedberg’s laboratory in a number of investigations. As far as 
the reviewer is aware this type of arrangement has not been dupli- 
cated elsewhere, probably owing to the difficulties and expenses in- 
volved in obtaining the necessary quartz parts of high optical quality. 
Up to this date, however, the method appears to be capable of 
yielding the most precise values obtainable for electrophoretic mo- 
bilities and therefore also for the position of the isoelectric point. 
As a test for electro-chemical homogeneity, however, it has been some- 
what supplanted by the introduction of the Toepler schlieren method 
as the procedure of optical analysis (see below). 

The light absorption method, employing both short-wave and long- 
wave ultraviolet light, has been applied to the electrophoretic study 
of a number of respiratory pigments, e. g. various hemocyanins and 
erythrocruorins, and in particular to the determination of their iso- 
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electric points and their du/d pHo-values, by Pedersen and by 
Svedberg et al.'° The measurements showed that the isoelectric 
point of respiratory proteins varies from species to species while the 
molecular weight remains frequently the same. The isoelectric point 
of the hemocyanin from Helix pomatia, for example, is 5.05 while that 
from Helix nemoralis is 4.63, both proteins having a molecular weight 
of 6,400,000 near the isoelectric point. On the other hand it was 
found, in confirmation of the earlier work of Tiselius on the algae 
proteins’ that at pH 8.2 the hemocyanin of Helix pomatia has three 
well-defined components of molecular weight 6,400,000, 3,200,000 
and 800,000, all of which are identical in electrophoretic behavior. 

In the course of their experiments on crystalline preparations of 
Stanley’s tobacco mosaic virus protein Eriksson-Quensel and Sved- 
berg!’ detected a certain degree of molecular inhomogeneity in virus 
protein preparations which had been repeatedly recrystallized. In 
spite of this lack of homogeneity in the ultracentrifugal field the 
samples showed a very uniform electrophoretic migration. The iso- 
electric point was found to be 3.49 and the slope of the mobility 
pH-curve (du/d pHo) 12.3 X 10-. Later work by Stanley and 
Wyckoff has shown that the polydispersity of these early samples of 
the virus protein had been induced by the chemical treatment in- 
volved in their preparation (exposure to high salt concentrations) 
whereas virus protein preparations obtained by quantity ultracentri- 
fugation are monodisperse. 

Tiselius,!® in 1937, reinvestigated the problem of electrophoresis of 
the normal serum globulin fraction of the horse and the rabbit, and 
while he was able to establish the general shape of the pH-mobility 
‘curve of the preparations he concluded that both protein preparations 
are electrochemically heterogeneous. The results obtained in this 
study were to be somewhat revised and amplified a little later with 
the aid of the new apparatus employing the Toepler schlieren method 
(see below). A study of antibody preparations isolated by Heidel- 
berger from type specific antipneumococcus horse and rabbit sera, 
conducted at the same time (Tiselius!®) indicated that the pH-mo- 
bility curves of these preparations are distinctly different from those 
of normal serum proteins. Such a difference in electrophoretic proper- 
ties, in turn, is strongly suggestive of differences in chemical consti- 
tution between the proteins studied. 
~ 16 Pedersen, K.O. Kolloid. Z. 63: 268. 1933. 

16 Svyedberg, T., et al. Jour. Biol. Chem. 103: 311. 1933. 

17 Eriksson-Quensel, I. B., & Svedberg, T. Jour. Am. Chem. Soc. 58: 1863. 1936. 


18 Tiselius, A. Biochem. Jour. 31: 313. 1937. 
19 Tiselius, A. Jour, Exp. Med. 65: 641. 1937. 
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APPARATUS FOR ANALYTICAL AND FOR PREPARATIVE 
PURPOSES OF H. THEORELL 


If we except the application of electrophoretic methods to industrial 
problems (cf. Prausnitz and Reitstoetter®), it may be stated that up to 
1934 electrophoretic experiments in biochemical research laboratories 
had been mainly conducted either with a view of determining by 
optical methods the electrical mobility and the isoelectric point of 
colloids of the type of proteins or in order to ascertain the sense of 
migration under a given set of conditions and, if possible, to effect a 
resolution of multi-component systems. H. Theorell developed equip- 
ment which cannot only be applied to studies of that type but which 
furthermore may be used for the electrophoretic purification and iso- 
lation of biocolloids. 


Apparatus for Analytical Studies 


In designing this small-scale electrophoresis cell Theorell?° attempted 
to satisfy the following conditions: (1) The cross section of the U-tube 
must be sufficiently large to permit the performance of analyses of the 
contents and activity of several successive layers of relatively small 
height which should be located both below and above the original 
level of the boundary between the colloid and the buffer solution; (2) 
The U-tube should be of uniform diameter throughout to allow the 
calculation of the potential gradient for any part of the tube and thus 
the computation of the electrophoretic mobility; (3) Connection be- 
tween the successive layers in the U-tube and mechanical separation 
should be accomplished without the risk of disturbing boundaries or 
concentration gradients; (4) The wall thickness of the U-tube should 
be uniform to prevent thermal convection currents set up by uneven 
heat distribution during the run and due to differences in thermal 
insulation and conduction; (5) The sol of the colloid under investigation 
must be sufficiently far removed from the electrodes to protect it from 
the diffusion of products of electrolysis. The arrangement designed 
to meet these requirements is depicted in FIGURE 7. 

A view of the complete apparatus is shown in the left half of the 
figure. The U-tube (16 mm diameter) is built up of 12 cylindrical 
glass cells, each 10 mm high, planed off and polished, the form of 
which is indicated in the right lower half of the figure. There are 
interposed between these cells hard rubber disks, turning around a 
central axis, 0.25 mm thick in the region adjoining the glass cells, as 


20 Theorell, H. Biochem. Z. 275: 1. 1934. 
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shown in the right upper half of the figure. By manipulating the 
lever d, contact between two adjoining glass elements may be estab- 
lished through the openings e in the disks or they may be shut off 
from each other by the solid part of the disks, b. The glass cells and 
the rubber disks are mounted in a brass frame which holds them 
firmly aligned under screw pressure. Free gliding of the disks and 
freedom from leaks:and current loops are assured by liberal use of 
white vaseline. The electrodes consist of silver wire and silver foil 
electrolytically plated with AgCl. The side vessels h serve for the 


Figure 7. Apparatus for Analytical Purposes acc. to Theorell. 


storage of KCl solution previous to stratification of the latter at the 
bottom of the electrode vessels. 

A suitable working potential for the apparatus is one of 220 V. 
which may be taken from the mains provided that the frequent fluc- 
tuations are smoothed out by voltage regulator lamps (iron wires in 
a hydrogen atmosphere). A suitable current intensity is one of about 
5 milliampere. The current may of course also be drawn from radio 
B batteries. Usually the heat effect is kept below 5 X 10-* watt/cm! 
but this limit may be somewhat exceeded, if necessary, without serious 
consequences. This latitude is afforded by the fact that the main- 
tenance of sharply defined boundaries during the electrophoresis 
experiment is not necessary in Theorell’s apparatus since no optical 
analysis is performed. 

For the details of the manipulation of the apparatus reference is 
made to the paper by Theorell.2° The essential feature of the pro- 
cedure is the filling of the cell to a certain level with the sol to be 
studied, all disks being set to permit free contact between the various 
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glass segments, and the subsequent filling of the remainder of the 
apparatus with buffer solution of the same pH and conductivity. 
The lumen of the U-tube is kept open during the electrophoresis. 
At the conclusion of the run the individual glass cells are shut off by 
revolving the hard rubber disks and the contents of the cells are 
successively removed for analysis. The electrophoretic mobility of the 
substance under investigation is calculated by means of the formula 
b= as , where « the conductivity in terms of reciprocal ohms, q the 
cross section of the tube in cm?, 7 the current intensity in amps, ¢ the 
time in seconds, and x the distance of migration of the colloid in cm. 
This distance is obtained as the mean of the migration of the substnace 
X1 + Xe C 

2 
If sufficiently specific methods of analysis are used the mobility of 
the individual components of a mixture may be determined without 
previous chemical separation. 

Probably the greatest asset of the multi-segment type of electro- 
phoresis apparatus is the possibility of obtaining a sufficient number 
of different samples for analysis so that important physical-chemical 
properties of the colloid (or crystalloid) under investigation, e. g. 
electrical mobility at varying pH, position of the isoelectric point, 
etc. may be determined if its presence can be detected by a suitable 
test, even when its absolute concentration is very small and the degree 
of purity quite low. The application of this apparatus to a number of 
important biochemical problems has been attended by an equal 
number of successes. The most spectacular one thus far has been the 
preparation, in pure form, of the yellow oxidation enzyme of Warburg 
by Theorell. The chemical purification procedures employed by 
Warburg and Christian (cf. Theorell?!) had led to the removal of other 
pigments but had not been able to separate the enzyme from large 
amounts of highmolecular impurities such as proteins and polysac- 
charides. As a matter of fact the question whether the bearer portion 
of the enzyme complex was a protein or a polysaccharide was still 
debated when Theorell applied himself to the problem. The isoelectric 
point was found at pH 5.15 and electrophoresis on the acid side of this 
point yielded a purified enzyme preparation with a nitrogen content 
of 16 per cent, which proved the protein nature of the catalyst. While 
large-scale purification was only possible after the larger apparatus 
had been constructed (see below) it was possible to obtain small 


in the anode and in the cathode limb of the apparatus (« = m). 


2 Theorell, H. Ergebnisse Enzymforschung 6: 111. 1937. 
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amounts of the pure yellow enzyme already with the aid of the present 
small cell. Thus the riboflavin concentration could be increased from 
0.01 per cent to 0.3 per cent. The impurities which could be eliminated 
were: an electroneutral colloid, probably a polysaccharide (50%), a 
colloid: migrating to the anode at any pH (40%), and a nitrogen con- 
taining substance with anodic migration at pH 4.65 (6%) (Theorell?!»22). 

Other examples of the usefulness of the apparatus are the separation 
of the protein carrier of the hexosemonophosphate dehydrogenase 
(Warburg’s “‘zwischenferment’’) from concomitant hemoglobin (Theo- 
rell’’) ; the characterization of the coferment of this dehydrogenase as 
a phosphoric acid ester at a time when only relatively crude prepara- 
tions were available of the substance which was later identified as a 
triphosphopyridine nucleotide (Theorell™); the subdivision of the 
hematopoietic liver principle into a thermostable component (R-factor), 
producing reticulocytosis and replaceable by thymonucleic acid, and a 
thermolabile (E-factor) necessary to cause erythropoiesis (Eisler, 
Hammarsten and Theorell**); the control of chemical purification 
procedures aiming at the isolation of the antigenic substance produced 
by diphtheria bacilli in the culture medium (Theorell and Norlin”) ; 
the electrochemical study of cytochrome c (Theorell?’). 

It is of interest to note that the apparatus may also be used for 
diffusion measurements. ‘This is done by filling the three lower 
compartments of one limb with the solution to be measured and the 
three upper cells with water. Only one disk is interposed at the level 
where the solution and the solvent meet. After temperature equilibra- 
tion the disk is rotated to permit the formation of a sharp boundary. 
At the end of the experiment all segments are shut off by the corre- 
sponding disks and the contents are analyzed. Two diffusion ex- 
periments may be conducted simultaneously in the two limbs of the 
apparatus. It is important to keep the temperature constant within 
narrow limits in such experiments. Theorell?® has used the apparatus 
in this way for the study of the diffusion of the coferment of the hexo- 
semonophosphate dehydrogenase of Warburg and Christian. He 
concluded on the basis of his results that the coenzyme is a tetrabasic 
acid and probably a diphosphoric acid ester. The mathematical 
treatment of such diffusion experiments will be found in his paper.”® 

2 Theorell, H. Naturwissenschaften 22: 289. 1934. Biochem Z. 272: 155. 1934. 

23 Theorell, H. Naturwissenschaften, 22: 290. 1934. 


2 Theorell, H. Biochem. Z. 275: 30. 1934. 

25 Kisler, B., Hammarsten, E., & Theorell, H. Naturwissenschaften, 24: 142. 1936. 
Skand. Arch, Physiol. 77. 1937. 

26 Theorell, H., & Norlin, G. Z. Immunitits, 91: 62. 1937. 

27 Theorell, H. Biochem. Z., 279: 463. 1935. 285: 207. 1936. 

28 Theorell, H. Biochem. Z. 275: 19. 1934. 
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Interesting experiments on extracellular Petey and crystalline 
secretin have recently been performed by Agren and Hammarsten*? 
with Theorell’s apparatus. In a crystalline pepsin preparation made 
according to Northrop at least two protein components could be 
demonstrated. Trypsin and carboxypolypeptidase show the behavior 
of undissociated molecules when subjected to electrophoresis in 30 
per cent glycerol solution, 7. e. they remain stationary in the electric 
field. When studied in aqueous solutions crystalline carboxypoly- 
peptidase prepared according to Anson shows strongly acidic character 
and may be dissociated into at least three separate enzymatic com- 
ponents. Purification from tryptic activity may be accomplished by 
adding protamine which migrates as a base and which will act as a 
carrier for the tryptic component when present in large excess.”® 

Agner®® has recently used Theorell’s small-scale apparatus for 
testing the purity of horse liver preparations which had been obtained 
by ammonium sulfate fractionation. Upon analysis of the contents 
of the various compartments it was found that the N- and Fe-concen- 
trations were both proportional to the activity of the enzyme solution 
in the cells. The copper present in the enzyme preparation also 
accompanied the enzymatic activity upon electrophoresis with the 
exception of one cell where the Cu content was twice that usually 
found. 

The modifications recently proposed by Meyerhof and Mohle*! are 
primarily aimed at mechanical improvement of the original Theorell 
apparatus for analytical purposes. A longitudinal section through 
the improved arrangement is shown in FIGURE 8. 

In modifying certain mechanical features of the original apparatus 
the authors strove (1) to mount the cell as stably as possible to elim- 
inate risks arising through vibrations, (2) to put the glass segments 
under an even pressure and to improve their fit so as to prevent leaks 
and current loops and (8) to facilitate the filling of the apparatus and 
the manipulation of the shutter disks from without the tank in order 
to avoid convection currents. The temperature was maintained 
constant at 20° within 0.001° with the aid of a slow stream of cooling 
water and a gas microburner equipped with a gas pressure regulator 
and controlled by a toluene thermo-regulator. As a source of current 
a radio B battery of 100 V. was used as an additional safeguard against 
vagabond currents. 


ete G., & Hammarsten, E. Enzymologia 4: 49. 1937. Jour. Physiol. 90: 330. 
1937. 


s0Agner, K. Biochem. Jour. 32: 1702. 1938. 
31 Myerhof, O. & Mohle, W. Biochem. Z. 294: 249. 1937, 
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Meyerhof and Méhle** have employed this apparatus in electro- 
phoretic investigations on important components of the fermentation 
systems of yeast and muscle tissue. The isoelectric point of cozymase 
was found at pH 3 and the electrotitration curve could be duplicated 
by plotting the electric mobility curve. When examining hexahydro- 
cozymase an additional weak acidic dissociation constant could be 


Figure 8. Modification of Theorell’s Small-scale Apparatus by Meyerhof and Mohle. 
a, Brass frame of the apparatus to fit the wall of the thermostat, b; c, pins to secure position 
of cell holder; d, hard rubber disks (0.2 mm) mounted in brass rings, e; f, brass strip across 
disks to serve as lever; g, bent metal tool for turning disks from above; h, extension of central 
axis to carry the tool g; i, small pin to fit hole, k, in lever of disks; m, brass holder for electrode 
vessels; n, brass bridge for holding the glass segments of the U-tube together under pressure; 
o and oO’, springs attached to hooks, p, of U-tube and to hooks of glass joints of side arms; r, 
arrangement for equalization of hydrostatic pressure in apparatus, The glass rings forming 
the limbs of the U-tube are ground and polished like optical flats. The right electrode vessel 
and other parts of the apparatus which is symmetrical with respect to the axis have been 
omitted in the drawing. For greasing the glass rings and the hard rubber disks lanoline was 
found superior to vaseline. 


detected. The enzyme hexokinase as prepared by CO, precipitation 
of yeast maceration juice has an isoelectric point at pH 4.9 whereas 
the enzyme obtained from autolyzed yeast shows a slightly different 
electrophoretic behavior. Zymohexase, the enzyme in muscle extracts 
catalyzing the equilibrium reaction Hexosediphosphoric acid eS 2 
Dihydroxyacetonephosphoric acid, has an isoelectric point of pH 6.9. 
The pH-mobility curve has a much smaller slope on the alkaline than 
on the acid side of the isoelectric point. 


Apparatus for Preparative Purposes 


Although the apparatus described in the preceding section was 
developed primarily for analytical purposes it may also be used for the 


166 ANNALS NEW YORK ACADEMY OF SCIENCES 


purification of colloids. However, the volume of the individual glass 
cells (2 ccm) is too small to lend itself to preparative operations on a 
practical scale. In principle a cylindrical U-tube is not very suitable 
for preparative purposes because the diameter of the tube is limited 
to small dimensions if adequate cooling even of the central portion 
is to be safeguarded. The second apparatus of Theorell® for prepara- 
tive purposes is therefore designed along different lines (FIGURE 9). 


Figure 9. Theorell’s Apparatus for Preparative Purposes. A, Separation chamber; 
B and C, Electrode vessels (10 liter); D, Intermediary Chamber (10 liter); E and H, communi- 
cation pieces; F and G, glass cylinders (10.5 cm. diameter, 4 cm high); J, K, and L, Mem- 
branes, two of which (J and L) are impermeable for the colloid to be purified while K is per- 
meable for it; 1, 2, 3 and 4, taps for admitting and withdrawing fluids; P, storage vessels for 
saturated KCl solution; T, thermostat to be filled with ice or flushed with cold water, equipped 
with glass windows; Source of current: Alternating current obtained from the mains (220 V.) 
is transformed into a current of 3000 V. by a transformer (1000 watt maximum) and then 
rectified by a tube capable of handling a maximum of 3000 V. and 3 Amp. 


The principle of the apparatus is as follows. The colloid to be 
purified is permitted to migrate in the electric field from one compart- 
ment (F) into another (G) through a permeable membrane. The 
colloid is prevented from leaving the second cell by an impermeable 
membrane. While it thus accumulates in this chamber, the colloidal 
impurities remain in the first cell if the experimental conditions are 
correctly chosen. The yield is almost quantitative in a relatively 
short time provided that a sufficiently high voltage is applied. The 
electrodes are reversible and the current passes through a buffer solu- 
tion of the same pH and conductivity as the solution of the colloid. 
In selecting the membranes not only the permeability towards the 


3 Theorell, H. Biochem. Z, 278: 291. 1935. 
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colloid but also their effect on the hydrogen ion and salt concentration 
within the compartments F and G must be considered. Their nature 
will probably vary from case to case depending on the nature of the 
substance to be purified and on the experimental conditions. It is 
noteworthy that for preparative purposes it is not necessary to main- 
tain a constant and low temperature throughout the entire apparatus. 
Thus, when using a buffer solution of a conductivity of x = 0.34.10-3 
recipr. ohms and working at about 2000 V. and 0.2 Amp, the tempera- 
ture in the bend of E as read on the thermometer e (FIGURE 9) may 
rise to 60 and 70° without interfering with the experiment. With 
adequate cooling in T, the temperature in the separation cells F and 
G will remain below 10° when a potential gradient of 6 V./em, which 
is suitable for rapid electrophoretic separation, is applied. In practice 
it is not feasible to maintain a perfectly constant pH and conductivity 
in all parts of the apparatus during the experiments, but minor changes 
have been found to be harmless by experience. 

Thus far, the apparatus has been mainly employed in the large- 
scale purification of the yellow oxidation enzyme of Warburg and 
Christian from bottom yeast. The term “large-scale” is to be taken 
as relative only, when comparing the capacity of the glass segments of 
the present apparatus (350 cc) with that of the apparatus discussed 
above (2 cc). Theorell?: *2 was able, with the aid of the apparatus, to 
remove large amounts of contaminating polysaccharides from prepara- 
tions of the yellow enzyme, a finding that was later confirmed by Kuhn 
and Rudy.® In order to eliminate the.last traces of associated foreign 
proteins, however, Theorell found it necessary to subject the electro- 
phoretically purified yellow enzyme to ammonium sulfate fractiona- 
tion while Kuhn and Rudy employed adsorption on aluminum hydrox- 
ide gel for this purpose. After a number of trials Theorell determined 
the following conditions as optimal for electrophoretic purification of 
the enzyme: Acetate buffer of pH 4.1 and « = 0.34.10-*; hardened 
filter paper (Schleicher and Schiill) as material for the permeable 
membrane, K; genuine parchment paper as material for the imperme- 
able membranes, J and L; current intensity of 0.16 Amp; length of 
electrophoresis 14 hours. It should be mentioned that the isoelectric 
point of the enzyme is at pH 5.2 and that its molecular weight is about 
80,000. Attempts to substitute for the filter paper sintered glass filter 
plates as permeable membranes and for the parchment paper cello- 
phane or albumin-collodion sheets as impermeable membranes were 
unsuccessful in the present case. These membranes gave rise to dis- 
turbances due to endosmosis and gross pH- and conductivity changes. 


33 Kuhn, R., & Rudy, H. Ber. 69: 1974. 1936. 
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Recently the apparatus has also been applied to the purification of 
cytochrome c (Theorell?”). Cytochrome preparations from beef 
heart muscle which had been chemically purified by ammonium sul- 
fate fractionation could be obtained completely pure by electropho- 
resis. It was found best to work with buffer solutions of pH 9, where 
the cytochrome migrates towards the cathode (isoelectric point pH 9.8) 
while the protein impurities will all migrate towards the anode at this 
high pH. By inserting a filter paper diaphragm the small-scale 
apparatus (see above) could be used for the electrophoretic purifica- 
tion of small quantities of cytochrome. Recently Theorell has been 
able to raise the iron content of cytochrome c from 0.34 to more than 
0.4 per cent by an electrophoretic procedure (unpublished). 


ELECTROPHORETIC STUDIES WITH THE NEW 
APPARATUS AND METHODS OF TISELIUS 


The moving boundary method of electrophoresis has derived what 
might prove to be its greatest stimulus in its history from the recent 
experimental contributions made by Arne Tiselius. In continuation 
of his earlier work on the electrophoresis of proteins which has already 
been discussed above, Tiselius has designed new equipment and he 
has applied new methods of optical analysis to the moving boundary 
method. With the aid of these new and efficient methods he and his 
co-workers have been able to obtain results within the past two years 
the importance of which can hardly be underestimated. In his hands 
the method has experienced such a swift evolution towards utmost 
refinement that many workers in the field are inclined to rate the 
method of electrophoresis as an even more specific and powerful tool 
for the sorting of protein molecules than the method of ultracentri- 
fugation which has been developed in the same institute under the 
leadership of The Svedberg. 


The Separation Apparatus of Tiselius 


A schematic longitudinal section through the new apparatus is 
shown in FicuRE 10. (Tiselius“.) 

The apparatus is composed of a central U-tube part connected with 
rubber tubing through intermediary glass pieces with the electrode 
vessels the volume of which depends on the duration of the proposed 
experiment (0.5 to 2 liters). The electrode vessels contain reversible 
Ag-AgCl electrodes surrounded by a bottom layer of saturated KCl 
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solution as in the earlier Tiselius cell.%* The U-tube portion itself is 
built up of rectangular glass cells which are made from parallel glass 
plates, cemented with acid-proof silicate cement. The bottom part 
was originally rounded like an U but has been replaced subsequently 
by a flat rectangular cell. All sections of the U-tube, including the 
top part serving for the connection with the electrode tubes, are ce- 
mented to comparatively large precision-ground glass plates which are 
well greased to permit free gliding. Tiselius recommends vaseline 
thinned with paraffine oil (2 parts to 1) for the purpose. In this 


Fic. 3.—Apparatus for electrophoretic analysis. 
E,, Ey represent the electrode tubes (the larger 
type), T rubber tubings; I, IJ, III, IV, the four 
U-tube sections, of which II and III can be moved 


with the pneumatic arrangement P,, Py, Py. 


Fiaure 10. ‘Tiselius’ New Apparatus for Elecrtophoretic Separations. 


laboratory ‘“‘celloseal,”’ a new proprietary lubricant, is used to ad- 
vantage because it shows very little change in viscosity with tempera- 
ture in the range from 0 to 25°. The glass sections are held together 
in a metal stand under slight spring pressure. The arrangement re- 
sembles in certain respects the diffusion apparatus of Cohen and 
Bruins. The sections are moved by a pneumatic arrangement (shown 
by the dotted lines in rigure 10) which is actuated by a small air 
pump. A slight motion of the sections shuts them off from each other 
or, when reversed, aligns them in a precise manner. 

The separation cells so far made have been of three different sizes. 
The most extensively used type is one accommodating 11 cc. of the sol 
to be studied in the two lower glass compartments plus the bottom 
piece. The internal cross-section of these cells is 3 X 25 mm, each 


ua The latest model has a V-shaped cemented bottom piece which, contrary to the flat cell, 
permits the passage of protein boundaries without mechanical disturbances. 


170 ANNALS NEW YORK ACADEMY OF SCIENCES 


cell holding about 4 cc. of fluid. More recently (Tiselius*) a micro- 
apparatus for 2 cc. solution and a macro-apparatus for 150 cc. solution 
have been described. 

In electrophoretic fractionation studies the following considerations 
(Tiselius“) must be taken into account. 

“Consider two components, A and B, with the mobilities us and us 
migrating in the same or in opposite directions in an electrophoresis 
tube of cross section area g cm*. The plus sign indicates a positive 
charge for ua and uz, and vice versa. If the current is 7 amp and the 
conductivity K ohm-, the potential gradient in the tube is 7/q K 
volt/em and the boundaries will move with the velocities 7 ua/q¢ K and 
i up/q K cm per sec. After a time t partial separation has taken place, 
so that, diffusion being neglected, the volume in cc. on each side con- 
taining pure A or B is 


4 (U4 — Up) tq _ m4 at 
Satg@kie Ae up) 


Independently therefore of the dimensions of the apparatus, a given 
degree of separation corresponds to a certain amount of electricity 
sent through. It is assumed that reversible electrode tubes of some 
sort are used, and that the ions surrounding the electrodes have a 
mobility of u. When the quantity of electricity 7 x ¢ is sent through, 
these ions similarly sweep through a volume in ce. of u no . If the 
volume in ce. of colloidal solution to be separated is v,, there must be a 
u 
volume of at least ——-—— xv, between the electrodes and the bounda- 
Ua + UB 

ries, otherwise the ions originally present at the electrodes would reach 
the boundaries. In practice the volume should be about twice as 
large, since diffusion also interferes. If we desire to separate, say, 
10 ce of two components with a difference in mobility of 0.5 X 10-5, 
using reversible KCl(AgCl)Ag electrodes, the mobility of K and Cl 
pee 65 X 10, the calculated electrode vessel volume would be 
: 5 Bl 10 = 1800 cc, and that used should be about 2600 ce.’ 

It would be expected that for the macro-cells very large electrode 
vessels would be required in order to prevent appreciable changes in 
electrolyte distribution throughout the apparatus in experiments of 
long duration. - It has now been found: (Tiselius*» 35) that electrode 


% Tiselius, A. -Kolloid Z. 85: 129. 1938. - 
3 Tiselius, A. Svensk. Kem: Tid. 50: 58. 1938.: 
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flasks of ordinary size may be used if a layer of concentrated buffer 
solution is interposed in the electrode vessels between the KCl solution 
at the bottom and the supernatant dilute buffer which has been 
equilibrated by dialysis against the colloid solution. The boundary 
between the concentrated and the dilute buffer solutions will remain 
almost stationary even when current is sent through the cell for a long 
time. The main difficulty in preparative work, however, particularly 
with fairly concentrated sols are the changes in ionic concentration 
which occur at the interface between the solution of the colloid and 
the supernatant buffer. They give rise to false boundaries (so-called 
$-boundaries, see below), to changes in H-ion concentration and other 
anomalies which are still being investigated in Upsala and other 
laboratories. 

Probably the most ingenious feature of the new apparatus of Tise- 
lius is the so-called ‘‘compensation movement,” the theory of which 
he described as follows. 

“When both substances migrate in the same direction the possibility 
of sufficient separation is limited by the fact that long before the 
desired separation has been reached, both substances have migrated 
out of the electrophoresis tube. This is a somewhat serious limitation, 
since the absolute differences in mobilities are very often much larger 
at pH regions where both components have mobilities of the same 
sign (e. g. the serum proteins). Moreover, lack of solubility often 
prevents a choice of a pH between the isoelectric points. For this 
reason we arranged for a slow and uniform movement of the solution 
in the electrophoresis tube at an exactly known rate and in a direction 
opposite to the migration, by slowly lifting a cylindrical glass tube by 
clockwork out of the liquid in one electrode tube during the electro- 
phoresis. If the rate at which the tube is lifted is 1 cm per hour, its 
cross-section area p cm?, the free surface of the liquid in each electrode 
tube Q cm?, and the cross-section area of the electrophoresis tube g cm? 
then a movement of a given level in this tube will take place, at a rate 

LpQ 
Ol acne 

q (2Q — p) 
rate can be obtained; even in the narrow tubes used in our apparatus a 
rate of several centimetres per hour did not markedly blur the bound- 
aries in the electrophoresis tube. For fractionation purposes, this 
“compensation movement”’ is adjusted so that the observed boundary 
separating two fractions obtains a suitable “apparent mobility” and 
consequently, at the end of the run, the column of the solution can be 
cut off exactly at the right place. ri 


em per hour. By suitably chosing / and p any desired 
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The compensation movement may be used in several ways. Thus, 
the shift in the level of the boundary of the colloid due to electropho- 
retic migration may be offset by the change in hydrostatic pressure 
caused by the compensation drive. In this case the colloid will remain 
stationary in the U-tube, it will ‘“‘mark time” while impurities of a 
higher mobility will migrate out into the upper compartments and 
impurities of a smaller mobility will be drawn up into the opposite 
compartments by the action of the compensation movement. Whereas 
the actual height of one compartment in the medium-size apparatus is 
only 4 cm, the effective path of electrophoretic purification amounts 
to 8 em under these conditions. Another application of the compen- 
sator which has been particularly stressed by Tiselius consists in 
adjusting the compensation movement to a rate corresponding to the 
arithmetic mean of the mobilities of two colloids to be separated. At 
this speed the faster component will still be able to continue its electro- 
phoretic migration in the original direction, although at a smaller 
rate, whereas the slower of the two components will be pulled back by 
the compensation drive, thereby ever increasing the degree of separa- 
tion of the two colloids. This makes it possible to work at a pH 
where both colloids have a high mobility of the same sign and still to 
end up with one of the components in the right hand limb and with 
the other in the left hand limb of the cell. The compensation drive 
has aptly been compared with a treadmill. It extends the separation 
capacity of the apparatus to its fullest extent. 

In practice the compensation movement may be brought about by 
various devices. ‘Tiselius uses a clockwork with variable speed, 
Stenhagen** has injected buffer solution slowly into one of the elec- 
trode vessels in order to bring a protein-buffer boundary out from 
behind the cell end-plates before the current was switched on, and 
Longsworth*’ employs a synchronous motor with a set of exchangeable 
transmission gears driving a syringe. The simple compensation 
mechanism used in the writer’s laboratory consists of an inexpensive 
alarm clockwork where the hour hand has been replaced by an alumi- 
num pulley with ten individual steps for varying the rate of lifting a 
rod of insulating material out of one electrode vessel. This arrange- 
ment, when used in conjunction with a rod of insulating material of 
16 mm. diameter, permits a boundary displacement of 7 mm to 32 mm 
per hour depending on the pulley step used. These rates of compensa- 
tion cover adequately the range desired when working with potential 


36 Stenhagen, E. Biochem. Jour. 32: 714. 1938. 
37 Longsworth, L. G. Private communication. 
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gradients of 5 to 15 V./em and with a number of biologically occurring 
protein mixtures, e. g. blood sera, yeast maceration juice, etc. Fine 
adjustments are made by varying the voltage applied to the apparatus. 
The resolving power of an electrophoresis apparatus is limited by 
the magnitude of the potential gradient which may be applied without 
causing appreciable thermal convection currents due to the Joule’s 
heat developed within the cell. In the earlier, cylindrical electropho- 
resis cell of Tiselius the maximum load had been found to be about 
0.01 to 0.02 watts per cc. Convection currents are more readily pro- 
duced in wide than in narrow tubes. The problem has been carefully 
studied by Tiselius® *. Given a load of w watts/cc. a thermal con- 
ductivity of the solution examined K and the temperature ¢, the 
temperature gradient dt/dr at the distance r from the centre of a 
cylindrical tube becomes di/dr = wr/2 K, 7. e. proportional to the 
radius of the tube. The temperature difference between the mid- 
oe 
wee 
This makes it theoretically very desirable to employ tubes of as small 
a diameter as feasible. On the other hand, there is a lower limit im- 
posed by other considerations. Thus, upon decreasing the internal 
diameter of a cylindrical tube, e. g. to 3 mm, the retarding effect of the 
walls on the flow of the solution increases very rapidly and may cause 
blurring of the boundaries (Tiselius?). Furthermore, the volumes 
which may be handled with such a cell would become too small to be 
of use in preparative experiments. However, by using flattened tubes 
large volumes may be accommodated with satisfactory heat conduction. 
The new rectangular glass cells of Tiselius'* are the outcome of these 
considerations. Furthermore, since the thermal convection depends 
on the ratio dp/dt which becomes zero in the case of water and dilute 
aqueous solutions at 4°, 7. e. at the density maximum, adjustment of 
the temperature to 4° during electrophoresis ought to assist materially 
in suppressing convection phenomena. Tiselius found in actual 
experiments that when the bath was held close to 0°, heat loads of 0.5 
to 1.0 watt per cc. are tolerated by flattened tubes. While it is true 
that lowering the temperature will correspondingly decrease the rate 
of electrophoretic migration, the diffusion of the protein boundary is 
also reduced so that the quality of the separation is not affected. 
The electrophoresis cell is immersed in a well-insulated water 
thermostat of about 100 liter capacity. For maintaining a tempera- 
ture of the bath just above 0° Tiselius recommends either the use of 
an electrolux gas refrigeration unit of 100 kcal/hour capacity, in heat 


point and the periphery of the fluid column in the tube ist, — t, 
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exchange with the tank through a secondary circulation system with 
alcohol as carrier fluid, or a motor driven compressor aggregate con- 
trolled by a contact thermometer. The heat developed in electro- 
phoresis experiments is stated to exceed rarely 20 to 30 keal. per hour. 

As a source of current Tiselius recommends an arrangement con- 
sisting of a centre-tapped 2 X 1500 V. transformer (capacity 0.1 amp) 
and two half-wave mercury rectifying tubes of a maximum peak 
inverse voltage of 7500 V. and a maximum peak plate current of 0.6 
amp. A filter circuit containing a 20 Henry choke and a 4 pu F con- 
denser is used. The voltage fluctuations are small if the primary 
voltage is kept constant with an induction regulator. In the writer’s 
laboratory radio B batteries (layer-built dry cells of 45 volts each) 
have been found satisfactory for the supply of current up to 600 V. 
and 20 milliampere. 

The “dissection” of the fluid columns after electrophoresis may be 
carried out either by trapping the portions containing the various 
protein fractions in different compartments of the new separation 
apparatus with the aid of the pneumatic arrangement (indicated in 
FIGURE 10 by dotted lines and by removing them with capillary 
pipettes or by using a convection-free pipetting device. The pipette 
has a broad opening with a fused-on sintered glass filter disk which 
distributes the stream of liquid over an area as large as possible. A 
water-manometer arrangement creates the right degree of suction for 
removing successive layers of fluid from the column at levels sought 
with a rack and pinion drive. (Tiselius*.) 


Methods of Optical Analysis 


It would hardly be practical to follow the migration of the bounda- 
ries in the new Tiselius apparatus with the light absorption method. 
When working with colorless proteins it would be necessary to have all 
parts in the light path made of quartz of the highest quality, including 
the rectangular separation cells. The cost of such an arrangement 
would be prohibitive. 

It is one of the great contributions of Tiselius to have adapted the 
so-called schlieren method of A. Toepler for use in electrophoretic 
experiments. Inasmuch as the theory of the schlieren method and its 
application to electrophoresis are fully discussed by Dr. Longsworth 
in his contribution to this symposium only little need be said about the 
subject here. Tiselius, in his publications describing his new appara- 
tus, mentions the principle only very briefly and he refers for all de- 
tails to the text books of practical physics and to the monograph on 
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the subject by Schardin.3® Those who desire to construct a Tiselius 
electrophoresis apparatus in their own workshops are likely to ex- 
perience the same disappointment as the writer when searching for 
detailed information on the arrangement of the optical tract and on 
the properties and construction of the individual parts in the otherwise 
excellent treatise of Schardin or in textbooks on practical physics, e. g. 
that of Kohlrausch. On the other hand, considerable help was ob- 
tained by consulting the original paper by Toepler,*® written in 1867, 
where the subject is treated in a lucid and thorough manner. 

Tiselius states that a Dallmeyer objective of f about 60 cm with 
an aperture of 10 cm was placed as near to the electrophoresis cell as 
possible. A lamp and a diaphragm are placed at about 100 cm dis- 
tance, on the same side of the thermostat. The image of the dia- 
phragm is projected on the other side of the thermostat, at a distance 
of about 100 cm from the window. Here a projection lens is placed 
which is partially covered by a vertically movable screen with a sharp 
edge. Instead of the projection lens a camera objective may be used 
in order to obtain photographs of the boundaries. 

The arrangement used in the writer’s laboratory is schematically 
shown in FIGURE 11. 

The lenses incorporated into our apparatus are corrected for spheri- 
cal and chromatic aberration, eliminating the need for light filters. 
Their focal lengths are not optimal (the lenses formed parts of dis- 
mantled electrocardiographic equipment) but the main condition for 
analysis by the schlieren method, viz. that the schlieren lens, H, must 
reproject the edge of the first schlieren diaphragm (close to the light 
source) in the plane of the second, movable schlieren diaphragm (in 
front of the camera lens) is fulfilled. On the other hand, the camera 
lens, F, is focussed on the U-tube of the electrophoresis cell, with a 
magnification factor of 0.4. In actual practice this has not been found 
a serious draw-back while the lens combination and the distances 
chosen have permitted the accommodation of the entire apparatus on 
the floor space available (over-all length, 450 cm). 

When the movable schlieren diaphragm approaches the reprojected 
slit image from above, the main image is blocked before the deviated 
or secondary images due to the boundaries in the electrophoresis cell 
are affected. In this case the boundaries appear on the matt screen 
of the camera as brilliant white lines on a dark background. Vice 
~ 38 Schardin, H. Das Toeplersche Schlierenverfahren. VDI-Verlag, G. M. B. H., Ber- 
lin, 1934. 


39 Topler, A. Poggendorf Annalen 131: 33. 1867. See also Logsworth, L. G. & Mac- 
Innes, D. A. Chem, Reviews 24: 271. 1939. 
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versa, when the schlieren diaphragm is moved upwards from below 
the reprojected slit image, the boundaries appear as black lines on a 
light background. Either method has certain advantages making it 
desirable to make provision for both types of schlieren observation. 
The imaging of the boundaries as black lines on a white background 
has the advantage that the edge of the metal shield of the electropho- 
resis cell may be used as the reference point for mobility measurements 
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“Blade,’’ Second Schlieren Diaphragm, consisting of a fixed circular opening of 28 mm 
diameter and of a horizontal sharp edge movable across the fixed opening by a remote me- 
chanical control mechanism; F, Camera Lens, 75 mm diameter, 390 mm focal length, 
distance between the two component lenses 75 mm (Voigtlinder). 


and furthermore that there can be no doubt as to the number of 
individual boundaries visible. The reverse method, on the other hand, 
frequently yields somewhat better defined boundary images. The 
inherent high sensitivity of the method calls for a mechanism capable 
of a delicate adjustment of the position of the mobile schlieren dia- 
phragm or blade. 

The schlieren method is particularly suited for the determination of 
the electrophoretic mobility of proteins, for ascertaining the number 
of components in protein mixtures and of their degree of molecular 
dispersion. Depending on the dimensions of the apparatus, and on 
the absolute and relative concentrations of the various components 
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each individual component will give rise to an individual boundary or 
schliere upon resolution of the mixture in the electrical field. The 
lowest concentration in which a protein can be detected optically in 
Tiselius’s apparatus, employing the 11 ce. cells, is about 0.03-0.05 per 
cent. The relative amount of a protein impurity which may thus be 
detected in a protein preparation will therefore vary with the total 
protein concentration employed. If the latter amounts to 1 gm. per 
100 cc solution an impurity present in about 5 per cent may be 
spotted provided that the experimental conditions allow for sufficient 
separation in the field. Furthermore a homogeneous protein com- 
ponent will yield a sharply defined boundary throughout the run 
whereas a spreading of the boundary during electrophoresis indicates 
electrochemical heterogeneity provided that mechanical vibrations, 
thermal convection currents and diffusion of the protein to an appre- 
ciable extent are avoided. The rate of migration of a boundary may 
either be determined by visual observation of the movement of the 
boundaries relative to a scale placed in the focus of the camera or by 
photographing the boundaries in suitable intervals and measurement 
of the change in distance with time relative to a reference line. The 
degree of definition of the boundaries seldom permits to use compara- 
tors of an accuracy exceeding 0.01 mm. Usually it is sufficient to 
measure the distances with a magnifying eye-piece equipped with a 
transparent scale reading to 0.1 mm as used for the inspection of line 
spectrograms. 

Experience in our laboratory has shown that mobility values may be 
determined and reproduced with an average accuracy of about 5 to 10 
per cent. This is usually sufficient to “label” a protein when con- 
trolling the result of chemical fractionation procedures by electro- 
phoretic analysis. 

Recently the well-known “refractive index’ or “scale”? method 
which has proven so successful in ultracentrifugal analysis in Sved- 
berg’s institute has also been applied to electrophoresis. The theory 
and practice of this very accurate and sensitive method are fully 
dealt with in Lamm’s‘® paper on the study of starch by means of 
diffusion and of the analytical ultracentrifuge. The adaptation of 
the scale method to electrophoresis does not present any difficulties. 
The main advantage of the scale method over the Toepler schlieren 
method appears to consist in the fact that the evaluation of the 
electrophoretic diagrams thus obtained permits the determination of 
the absolute and relative concentrations of the various components 


«oLamm, O. Nova Acta. Soc. Sci. Upsala IV, 10 (6). 1938. 
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of a mixture throughout the area under observation in addition to 
the other types of information which may also be gained by the 
schlieren method. A drawback of the scale method is that the final 
result may only be arrived at after a large series of precise comparator 
readings and after tedious arithmetic operations.‘ Examples for the 
application of the scale method to electrophoretic studies will be 
found in the papers by Tiselius and Horsfall and Tiselius and Kabat.” 


Assembly of Tiselius’ Apparatus 


The detailed construction of the separation cell mechanism and the 
general features of the entire set-up have been described by Tiselius. 
The construction of the apparatus in the form in which it is commer- 
cially available is depicted in FIGURE 12. 

In the apparatus constructed and used in the writer’s laboratory, 


Fiaure 12, Arrangement of the new Tiselius Apparatus. 


40a The recently developed modification of the Toepler schlieren method by Longsworth 
(J. Am. Chem. Soc. 61: 529. 1939) is capable of yielding results of the type secured by the 
scale refractive index method but with considerably Jess effort. In this modification the 
blade or movable schlieren diaphragm is lowered or raised mechanically while the plate or 
film is drawn past a fine slit at a rate which is maintained at a constant ratio to the speed of 
the movement of the schlieren diaphragm. In this way the entire refractive index gradients 
existing in the electrophoresis cell are automatically scanned and photographically recorded. 
The areas under the contours of the curves thus obtained are proportionally to the concen- 
tration of the colloid components giving rise to the gradients. This ingenious method has 
been successfully applied in the writer’s laboratory to the study of blood sera of several 
hee and under varying conditions of a pathological and immunological nature (unpub- 

shed). : : 
41 Tiselius, A., & Horsfall, F. L. Jr. Jour. Exp. Med. 69: 83, 1939. 
“ Tiselius, A., & Kabat, E.A. Jour. Exp. Med. 69: 119. 1939. Science 87: 416. 1938. 
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the tank with a capacity of about 100 liters is thermally insulated by 
rockwool. It is kept close to 4° by an Electrolux gas refrigeration unit 
of 100 kcal/hour capacity, connected with the tank by a closed circu- 
lation system filled with 95 per cent alcohol, and a thermostatically 
controlled electrical heating system. The motor-driven stirrer and 
the circulation pump are mounted on a Lally column resting on a sheet 
of rubber packing in order to prevent the transmission of vibrations 
to the electrophoresis cell. The light source and the camera are 
mounted in a similar manner. The light source is a 300 watt biplane 
filament projection lamp, contained in a Bausch & Lomb microscope 
lamp equipped with an iris diaphragm and a rack and pinion drive 
for the condenser lens. The schlieren lens is mounted on a sturdy 
bracket so as to be close to the double window of the tank (100 mm 
free diameter). The camera is set on a double optical bench and 
consists of two lengths of heavy-walled brass tubing turned to yield a 
sliding fit: Before the camera lens there are mounted on riders an 
iris diaphragm, the movable schlieren diaphragm and a revolving disc 
carrying fixed diaphragms of. varying shape and size. Following a 
suggestion of Dr. Longsworth the movement of the schlieren dia- 
phragm is effected by a micrometer screw which is coupled to the 
remote control by a friction wheel and two conical gear wheels. Two 
different blades may be inserted according to whether the boundaries 
are to appear as light lines on a dark background or vice versa. 

The electrophoretic diagrams are recorded on standard 35 mm 
positive film contained in a Leica Eldia Printer. The latter fits 
tightly into a metal casing mounted on a slide which permits a rapid 
change-over from photography to visual observation on a ground 
glass screen. 

The type of electrophoresis cell employed in the writer’s laboratory 
depends on the aim of the experiment. For purposes of examination 
of a given protein preparation for the number of principal components 
present, for the degree of homogeneity of purified fractions, and for 
determinations of electrophoretic mobility the simple U-tube cell 
of Tiselius may be used to advantage. The cell consists of Pyrex 
glass and is made of one piece. The U-tube length available for 
observation is defined by metal shields of 60 mm open area. The 
cross-section of the tube is 0.587 cm?. When using this cell it is ad- 
visable to work with potential gradients of the order of 3 to 4 V./cm, 
corresponding to an applied potential of 180 to 200 V. and a current 
strength of 3 to 4 mA. when the ionic strength of the solutions in the 
cell is adjusted to about 0.1. The advantage possessed by this cell 
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over the more elaborate separation cell of Tiselius consists in the 
simplicity of its manipulation. The process of stratification of the 
protein solution under the buffer solution requires a little practice. 
On the other hand, under the conditions existing in our apparatus, the 
images of the protein boundaries obtained with the simple U-tube cell 
are more satisfactory than those obtained with the rectangular cells. 
When it is desired to separate the various protein fractions mechani- 
cally for chemical and biological examination the new separation cell 
of Tiselius (FIGURE 10) is employed. With this cell higher potential 
gradients and current strengths up to 15 mA. may be applied without 
running the risk of thermal disturbances. 


Results obtained with the aid of Tiselius’ new apparatus 


The results procured with the new apparatus and methods in 
Upsala by Tiselius and his collaborators may be summarized as 
follows. The electrophoretic diagram of blood serum which in the 
analytical ultracentrifuge shows only two to three different molecular 
species, reveals the presence of four well-defined protein components. 
One of these is serum albumin while the other three components are 
globulins. They have been designated as a-, @- and y-globulin in 
accordance with their electrophoretic mobilities (Tiselius“). The 
dependence of the mobilities of the various components upon the 
hydrogen ion concentration may be gleaned from TABLE 1 which is 
taken from Tiselius’ paper. 


TABLE 1 


ELECTROPHORETIC MOBILITIES OF THE COMPONENTS IN 4 X DituTED NorMAL HorsE 
Serum at Dirrerent PH Vatves anD Constant Ionic Srreners 0.1 (¢ = 0°) 


Mobility cm? V.— sec! x 105 


re Or 


Buffer pH Albumin Globulina Globulin 8 Globulin y Globulin 5 
Acetate 5.05 —1.39 —0.36 —0.2 +1.02 +1.538 
Phosphate 6.02 —4,24 —2.76 —2.10 —0.23 +0.4 
Phosphate 6.87 —5.39 —3.98 —3.25 —1.20 —0.2 
Phosphate 8.03 —7.61 —5.79 —4.57 —1.90 -—0.1 


The 8-boundary which is practically stationary and which was at 
first attributed to a fourth globulin component has since been recog- 
nized as an anomaly due to changes in concentration of buffer ions 
occurring upon electrophoresis of relatively concentrated protein so- 
lutions (Stenhagen* Tiselius*). When plasma is used instead of 


43 Tiselius, A. Biochem. Jour, 31: 1464. 1937, 
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serum, an additional boundary corresponding to fibrinogen is ob- 
served between the y- and the 6-globulin boundaries (Stenhagen*). 
Schlieren diagrams obtained with human serum and plasma are repro- 
duced in FIGURE 13. 


Figure 13. Toepler schlieren diagrams obtained upon electrophoresis of human serum 
and plasma (Stenhagen*), 


It is important to note that the various serum protein fractions as 
obtained by ammonium sulfate fractionation and other chemical pro- 
cedures are not identical with the fractions separated by electrophore- 
sis: They represent mixtures of the components identified by electro- 
phoretic analysis. Thus the fractions most readily salted out consist 
mainly of y and 6 and of small amounts of « globulin and albumin, 
whereas the proteins precipitated above 55 per cent saturation with 
ammonium sulfate contain approximately 75 per cent albumin and 
only 25 per cent of the globulins. Serum globulin, after having been 
precipitated 3 times with 55 per cent ammonium sulfate, dissolved in 
5 per cent NaCl, dialyzed and electrodialyzed (‘‘Pseudoglobulin’’) 
will contain as much as 75 to 85 per cent globulin « and as the re- 
mainder a slow component, probably y-globulin. So-called ‘‘euglobu- 
lin” contains more 6 and y, and less « globulin. Very probably the 
solubility differences between pseudo- and euglobulin depend upon 
the difference in solubilities exhibited by the individual components.“ 

When passing from dilute to more concentrated solutions a marked 
change takes place in the appearance of the electrophoretic schlieren 
diagram. The 8-boundary increases in strength at the expense of 
the actual globulin boundaries. When undiluted serum is run with 
6/7 serum as the supernatant to avoid boundary disturbances the 
effect is very marked, only the albumin and the 3-boundary are visible 
with faint indications of the three globulin boundaries. Tiselius as- 
sumes that this may be due to the neutralization of the charge of the 
globulins in undiluted serum by some unknown substance. This 
neutralizing agent would be dissociated off more or less completely 
upon dilution, permitting the three globulins to show their individual 
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migration. This tentative interpretation has since become open to 
question because Tiselius could show that the 8-boundary does not 
represent a protein boundary and therefore cannot gain at the actual 
expense of globulin components. It may be that the anomalies ob- 
served when working with concentrated sera are due to unfavorable 
optical conditions for the Toepler schlieren analysis rather than to 
true changes in the concentration of the serum components. It must 
be remembered that the detection of the boundaries is made possible 
only by the refractive index differences at the interfaces between the 
individual layers. The «- and 6-globulin boundaries are situated 
within the moving protein column and are liable to be masked or 
obliterated more readily than the albumin and globulin y boundaries 
which border the supernatant buffer solution. 

With the aid of the separation mechanism Tiselius was able to ob- 
tain small amounts of the various serum proteins in pure state for 
chemical studies. That they are chemical individuals is born out by 
the fact that their absorption spectra show distinct differences.“ 

Immune sera of the horse and of the rabbit differ markedly from 
each other and from normal serum. In horse serum the antibody 
appears as a new component with a mobility intermediate between 
that of the y- and @-globulin components. In the case of the rabbit no 
new boundary appears but the amount of y-globulin is greatly in- 
creased.” FicureE 14 represents the electrophoretic diagrams obtained 
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Fieaurn 14. Electrophoretic Diagrams of unabsorbed (A) and absorbed (B) antipneu- 
mococcus horse serum (Tiselius and Kabat).« 


with unfractionated Type I antipneumococcus horse serum and with 
the same serum after the removal of the antibody by addition of the 


“a Normal human serum has recently been further studied in the Tiselius ap 
¢ J paratus 
(Kekwick, R. A. Biochem. Journ. 33: 1122. 1939). The application of Lamm’s refractive 
index scale method permitted the determination of the relative concentrations of the various 
serum proteins with a fair degree of accuracy. A SS ea gee 
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homologous type specific Eas eechande or of a heavy suspension of 
Type I pneumococci. 

It has been possible to isolate certain antibodies from immune sera 
with the aid of the separation cell. Thus anti-egg albumin antibody 
has been obtained from rabbit serum by isolating the y-globulin 
component which was specifically precipitable to an extent of about 
80 per cent. 

Examples for the electrophoretic differentiation of closely related 
proteins are provided by the formation of separate boundaries in 
mixtures of egg albumins or of hemoglobins of different species (Land- 
steiner, Longsworth and Van der Scheer;“ in mixtures of fetal and 
adult hemoglobin of the same species (Adair*); in mixtures of hemo- 
cyanins of different species (Tiselius and Horsfall*!). Electrophoretic 
analysis has established the formation of hybrid hemocyanins upon 
reversible pH dissociation of mixtures of hemocyanins from different 
species and shifting of the pH back to the pH-stability range. 

Other electrophoretic studies recently conducted in Upsala are 
concerned with the electrochemical properties of ovomucoid (Hessel- 
vik*), with tuberculin proteins and polysaccharides obtained from the 
filtrates from culture media after growth of tubercle bacilli (Seibert, 
Pedersen and Tiselius**) and with the homogeneity of pepsin prepara- 
tions (Tiselius, Henschen and Svensson‘’). In the latter investigation 
it was found that the enzymatic activity of solutions of crystalline 
pepsin, prepared by different methods, migrates as a homogeneous 
protein component with a negative charge and no isoelectric point in 
contrast to earlier observations made with the microcataphoretic 
method. Some inactive, inhomogeneous protein or protein breakdown 
material is left behind, and the specific activity may thereby be raised 
to an extent of from 31 to 69 per cent. 

In conclusion, a few results obtained in our own work with the 
apparatus of Tiselius may be mentioned. A study has been made of 
crude extracts and purified fractions prepared from the anterior lobe 
of beef pituitary glands (Shipley, Stern and White Jour. Exp. Med. 69: 
785. 1939) with a view of determining the number of protein com- 
ponents present in these preparations and of identifying certain of these 
components with the protein hormones elaborated by that gland. It 
was found that the: main boundaries observable in crude pituitary ex- 


44 Landsteiner, K., Tesgement. L. G., & Van der Scheer, J. Science 88: 83.1938. 
'.45 Hesselvik, L. vA Physiol. Chem.. 254: 144, 1938. 

46 Seibert, F. B., Pedersen, K.O., & Tiselius, A. Am. Rev. Tuberculosis 38: 399. 1938. 
Jour, Exp. Med. 68: 413. 1938, _ 

47 Tiselius, A., Henschen, G.‘E., & Svensson, H. Biochem, Jour.-32: 1814. 1938. 
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tracts correspond to physiologically inert proteins the gradual removal 
of which by chemical fractionation procedures could be controlled by 


Fiaure 15. Toepler schlieren diagrams obtained upon electrophoresis of crude and 
purified anterior pituitary preparations. A. Crude Pituitary Extract (Burn & Ling) Anode 
chamber, pH 7.86. B. Crude Glycerol Extract, Anode Chamber, pH 7.65 (Boundary of 
slower protein retouched for purposes of better reproduction). C1. Growth-Ketogenic 
Fraction, Cathode Chamber, pH 4.86. C2. The same, Anode Chamber. D1. Crystalline 
Prolactin (Native) Cathode Chamber, pH 3.94,1.Run. D2. Thesame,2. Run. E. Crystal- 
line Prolactin, Cathode Chamber, pH 6.5 Protein partly denatured. 


electrophoretic analysis. Freshly prepared solutions of crystalline 
prolactin exhibit a high degree of electrochemical homogeneity which 
is lost upon storage. The formation of a second component in aged 
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prolactin solutions, probably of denatured prolactin, could be demon- 
strated by the appearance of a new boundary when examined by the 
schlieren method. The electrophoretic mobilities of the various 
components of pituitary preparations could be charted for the purpose 
of ‘‘labeling”’ them in order to gauge the success of fractionation pro- 
cedures. Ficure 15 contains characteristic schlieren diagrams ob- 
tained in this work. 

Other experiments deal with the electrophoretic examination of 
chemically purified liver catalase solutions and of preparations ob- 
tained with the aid of the air-driven ultracentrifuge. Catalase 
solutions obtained by the method of Zeile and Hellstroem from horse 
liver yield up to four protein boundaries in the Tiselius apparatus. 
On the other hand, certain fractions obtained by differential ultra- 
centrifugation by Wyckoff in collaboration with the writer not only 
proved to be homogeneous when examined in the analytical ultra- 
centrifuge but they also gave only one boundary upon electrophoresis 
(FIGURE 16).48 


‘nani 
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Figure 16. Electrophoretic diagrams obtained with chemically purified (A) and ultra- 
centrifuged (B) preparations of horse liver catalase (Stern). 


Such preparations which satisfy both the criteria of ultracentrif- 
ugal and of electrochemical homogeneity may be considered to repre- 
sent solutions of the pure enzyme. 

In the course of a study of heart muscle oxidase preparations (Stern, 


48 Stern, K.G. Enzymologia 5: 190. 1938. 
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Horwitt, Melnick, Scheff (unpublished)) the electrophoretic analysis of 
active fractions obtained by differential ultracentrifugation failed to 
effect. separation into several different components indicating the 
surprisingly uniform nature of these active fractions. These prepara- 
tions consist essentially of macromolecular protein particles of the 
enormous weight of several hundred millions. The spectroscope and 
enzymatic activity tests reveal the presence of the following factors in 
these suspensions: Respiratory ferment, cytochrome a and b, and 
succinic dehydrogenase. ‘These biocatalysts are essential compo- 
nents of the so-called ‘‘terminal” respiratory system which enables 
the molecular oxygen to react with the hydrogen of activated sub- 
strates. The ultracentrifugal and electrophoretic results obtained in 
the study of such oxidase preparations seem to suggest, as a working 
hypothesis, that they represent uniform suspensions of large protein 
bearer molecules or particles which contain on their surface a network 
of catalytically active groups arranged in such a manner as to ensure 
the smooth functioning of the complex mechanism of cell respiration. 


THE OBSERVATION OF ELECTROPHORETIC 
BOUNDARIES 


By Lewis G. LoneswortuH 
From the Laboratories of The Rockefeller Institute for Medical Research, New York 


INTRODUCTION 


In the electrophoresis of proteins by the Tiselius method provision 
must be made for observing the progress of the migration. Since most 
protein solutions are colorless the position of the boundary between 
protein and buffer solutions is not visible to the unaided eye and optical 
devices must be employed. Three such devices have been used for 
the location and analysis of the concentration gradients which occur 
in both electrophoresis and ultracentrifugation. These are the ab- 
sorption, the scale and the schlieren methods. These methods have 
been developed in the Upsala laboratories to a high degree of perfec- 
tion by Svedberg,! Lamm,? and Tiselius.* 4 

The absorption method depends upon the fact that proteins absorb 
light in the near ultra-violet while buffer solutions do not. The use of 
this method restricts the optical elements of the system to quartz and 
certain types of glass and is not applicable to solutes which do not 
absorb light in an accessible spectral region. Because of these and 
other limitations the author has not used the absorption method. 

The application of the scale and schlieren methods, on the other 
hand, requires only that the refractive index of the solution differ 
from that of the solvent, a requirement that is almost universally met. 
Visible light may be used and, except for work of the highest precision, 
this does not need to be monochromatic if the lenses have sufficient 
chromatic correction. The author has begun a study and comparison 
of the two methods in connection with the electrophoresis of proteins 
and it is the purpose of this paper to describe the methods and discuss 
some of the results obtained with them. 


1Svedberg, T. Ind. & Eng. Chem, Analytical ed. 10: 113. 1938. 
2Lamm, O. Nova Acta Soc. Sci. Upsala IV, 10 (6). 1937. 

3 Tiselius, A. Nova Acta Soc. Sci. Upsala IV, 7 (4). 1930. 
4Tiselius, A. Trans. Faraday Soc. 33: 524. 1937. 
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THE SCHLIEREN* METHOD 


A diagram of the schlieren method is shown in FIGURE 1. An 
image of the horizontal slit, S, illuminated by the lamp, L, and con- 
denser, C, is formed in the plane, P, by the schlieren lens D. The 
schlieren diaphragm, A, a screen with a sharp, horizontal upper edge, 
is placed in the plane P and may be displaced vertically with a microm- 
eter. The electrophoresis cell, Z, is placed as near the lens D as the 
thermostat construction permits. The camera objective, O, placed 
immediately behind the schlieren diaphragm, is focussed on the cell 
and forms a full size image of this on a ground glass or photographic 
plate at G. 


In the absence of refraction gradients, 7. e., boundaries, in the elec- 
trophoresis cell all of the light traversing the cell is brought to focus 
in the image of the illuminated slit at P and enters the camera objec- 
tive. If, however, a boundary is present in the tube the refractive 
index, n, decreases with increasing height, x, through the boundary, 
and the pencils of light through this region are deflected downward. 
If these deflected pencils are intercepted by the schlieren diaphragm 
they do not enter the camera objective and the region at G conjugate 
to the boundary in the cell appears as a dark band on a light back- 
ground. 

For boundaries that are not too “sharp,” 2. e., do not have too large 
refractive index gradients, the angular deviation of a horizontal pencil 
of light in a thin horizontal layer of the boundary is proportional (a) 


to the gradient, , in the layer and (6) to the breadth, a (F1cuRE 1), 


of the layer. The displacement, A, of the schlieren diaphragm, A, 
from the position of the undeviated slit image that is necessary to 
* This term is defined in dictionaries of the English language as “streaks.” Hardy and 


Perrin (Hardy, A. C., & Perrin, F. H. The principles of optics, McGraw-Hill Book Co., 
New York. 1932) use ‘‘shadow”’ as a synonym. 
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intercept the deflected pencil is also proportional to the optical 
distance, b, from the center of the cell to the diaphragm. Therefore 


A =ab— (1) 
: , dn, ; 
in which a and b are constants of the apparatus and dy Varies vertically 
through the boundary but is assumed to be constant in any thin 
horizontal section. 

As the schlieren diaphragm is raised the first pencils of light to be 
intercepted are those which have passed through the steepest gradients 
of refractive index. In FicuRE 1 the paths of three pencils of light 
through a boundary have been traced. The planes a, 6 and y in the 
boundary have been selected such that 


Ge) ee) 


and the lines conjugate to these in the focal plane of the camera are 
shown at a’, 6’ and y’, respectively. Since the camera objective, O, 
is focussed on the electrophoresis cell E all of the rays passing through 
the plane 8, for example, that are collected by this objective are 
brought to focus at @’. This, it will be recalled, is the property of a 
photographic objective. Moreover, it should be noted that in FiguRE 1 
the vertical dimensions are greatly exaggerated in comparison with 
the horizontal dimensions. 

The pencil through 6, ricurE 1, suffers the maximum deflection to 
the position 1 near the plane of the schlieren diaphragm while those 
through « and y are deflected equally to a common position 2 near 
that plane. With the upper edge of the diaphragm at 1 only the pen- 
cil through 6 is intercepted and the resultant dark band, or line, at 6’ 


Figure 2 


190 ANNALS NEW YORK ACADEMY OF SCIENCES 


has a minimum width. With the diaphragm raised to position 2 the 
pencils through « and y, together with the pencils through all planes 
between « and y, are also intercepted and the band at G has broadened 
correspondingly. With the proper conditions the displacement of the 
diaphragm from the position of the undeviated slit image is propor- 
tional to the refraction gradient at positions in the cell E conjugate to 
the edges of the schlieren bands. Thus a series of photographs of the 
boundary with decreasing displacement of the diaphragm give an 
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indication of the refraction gradient through the boundary. Such a 
series of photographs of the boundary formed in a 0.5 per cent solution 
of a sample of egg albumin is shown in FiGuRE 2. In order for the 
position of the edge of a band to be characteristic of a thin horizontal 
section of the refraction gradient it is essential that lenses of long 
focal length be used and that the slit image be narrow vertically and 
well defined. Consequently the schlieren lens must be well corrected 
spherically, and also chromatically, unless monochromatic light is 
used. 

In FicuRE 3 the circles indicate the positions of the edges of the 
bands of FicuRE 2, plotted as abscissae against the diaphragm dis- 
placements, multiplied by a factor whose significance will be discussed 
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later in this paper, as ordinates. The origin of abscissae was taken as 
the point of initial formation of the boundary, 7. e., between the 
horizontal plates of the center sections of the cell. The origin of 
ordinates was taken as the center of the undeviated slit image. A 
comparison of these results with those obtained with the scale method 
is made later in this paper. 

Reference to equation (1) shows that the area under the curve 
drawn through the circles is 


JS Adz = Sabdn = abAn 


in which An is the refractive index increment due to the protein 
causing the boundary. Since this increment is substantially propor- 
tional to the concentration of protein it becomes apparent that the 
schlieren method may be used to determine the protein concentration 
in addition to the variation of this through the boundary. Thus the 
area under the curve of FIGURE 3, as determined with the aid of a 
planimeter, is 0.414 cm-*. Since a = 2.50 cm and 6b = 181.8 cm, 
An (obsd.) = 0.00091. An independent value for An of 0.00092 was 
computed as follows. The refractive index increment for a 0.5 per 
cent solution of ovalbumin at 23° using the sodium D line is 0.00088;. 
Assuming that the temperature coefficient for the increment is zero 
but that the dispersion is the same as for serum albumin® (Pederson & 
Anderson) the value of An given above was computed for the Hg 4356 
line, to which the plate used had the greatest sensitivity. The agree- 
ment between the observed and computed values is thus quite satis- 
factory. 


DIFFRACTION BY THE SCHLIEREN DIAPHRAGM 


Since it is desirable that the edge of a schlieren band be sharply 
defined the factors which determine this sharpness will be considered 
here. These factors are (1) the characteristics of the photographic 
plate, (2) the vertical width of the undeviated slit image in the plane 
of the schlieren diaphragm, and (8) the nature of the diffraction pattern 
formed at the plate by the diaphragm. These will be discussed in 
the order given. 

Since, as will become evident from the paragraphs to follow, there 
is always some shading at the edge of a schlieren band a plate of high 
contrast and minimum latitude gives the steepest gradient of optical 
density at the band’s edge. 


5 International Critical Tables 7: 98. McGraw-Hill Book Co., New York. 1930. 
6 McFarlane, A. S. Biochem. Jour. 29: 412. 1935. 
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If the vertical width of the undeviated slit image is finite, it is 
evident from FIGURE 1 that there is a shading at the edge of the 
schlieren band due to the fact that the diaphragm does not intercept 
all of the pencils of light deflected by the layer in the cell conjugate 
to the edge of the band. A very narrow slit image, even if it could be 
realized in practice, is of little value, however, since some shading at 
the edge of the schlieren band still occurs due to diffraction by the 
diaphragm and the finite latitude of the photographic plate. In ob- 
taining the bands of riguRE 2 the width of both the slit and its image 
was about 0.1 mm. Slit widths of 0.2 and 0.05 mm have also been 
used with no discernible difference in the sharpness of the resulting 
band edges. In this connection it may be mentioned that, as the other 
extreme, if the width of the undeviated slit image is greater than the 
maximum deviation at the diaphragm, the latter may be placed in 
such a position that the shading at the plate is proportional to the 
deviation. This is the modification of the schlieren method discussed 
by Schardin.’ 

Owing to the long optical paths that are used the diffraction patterns 
formed at the photographic plate by the schlieren diaphragm are 
sufficiently gross to be readily visible in many instances. In the case 
of a straight edge as diaphragm the pattern consists® of ‘“‘a system of 
fringes of decreasing width, outside of the edge of the geometrical 
shadow, while within the edge the illumination falls off rapidly, with- 
out, however, passing through maxima and minima.” Although the 
decrease in illumination within the edge of the shadow is rapid it is 
not abrupt, as implied in the theory of the rectilinear propagation of 
light, with the result that there must always be some shading at the 
edge due to diffraction alone. The fringes mentioned above appear as 
faint bands in the illuminated regions on either side of a schlieren band 
and can be readily distinguished from the latter by the fact that their 
position shifts with the shifting edge of the true band as the diaphragm 
is raised or lowered. 

In his study of the schlieren method Lamm used as light source an 
illuminated slit of 0.2 mm width and, as schlieren diaphragm, single, 
and double, slits of 0.5 mm width and wider. Reference to FIGURE 1 
indicates that the use of a slit instead of a straight edge as schlieren 
diaphragm produces on the ground glass lines of light at positions cor- 
responding to the edges of the schlieren bands. The optimum dia- 


7Schardin, H. Das Toeplersche Schlierenverfahren. VDI-Verlag, G. M. B. H., Ber- 
lin. 1934, 


8 Wood, R. W. Physical Optics, McMillan Co., New York. 1924. 
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phragm slit width appears to be that which covers the central “‘ Fresnel 
zone.”’® For lenses of 100 cm focal length and blue light this corre- 
sponds to a slit width of 1 mm and the lines formed on the screen are 
correspondingly broad. 

A comparison of the diffraction patterns formed by a slit and a 
straight edge may help in discussing the question of which of these is 
the most desirable diaphragm. The patterns formed by a slit are 
symmetrical about the center, whereas, as has been mentioned, a 
straight edge has no diffraction pattern in the region of the geometrical 
shadow. This difference is both the weakness and the strength of the 
straight edge as schlieren diaphragm. Its weakness lies in the fact 
that, whereas the position of the center of the line formed on a photo- 
graphic plate by a slit is independent of the exposure, the position of 
the edge of a band obtained with a straight edge depends slightly on 
that exposure. Its strength lies in the fact that these edges are very 
much sharper than the lines obtained with a slit diaphragm, with the 
result that the resolving power of the straight’ edge for boundaries 
that are close together is greater. 


THE OPTICAL SYSTEM 


Since it is the spirit of this conference to discuss technique and 
apparatus as well as results I will describe our schlieren equipment. 
A diagram of the optical bench, including the low temperature thermo- 
stat, is shown in FIGURE 4. The letters in this figure indicate the same 
optical elements as in FIGURE1. The entire apparatus is supported on 
concrete blocks, B, which rest on shock absorbing mats placed on a 
ground floor. The optical bench consists of two 5” steel channels, 21’ 
in length, as shown at Cin rigure 4. These are spaced 8” apart at 4’ 
intervals with sections of iron pipe as shown at B in ricureE 5. This 
latter figure also illustrates the method of mounting the optical ele- 
ments. A 6” section of a 6’ x 3/8” steel angle, A, is clamped to the 
upper flanges of the channels, C, with the aid of the plate, P’, and the 
bolts 6. The lens or other optical element is carried by a 6” x 16’ x 
3/8” steel plate, P, which is bolted to the angle through slots as shown 
at a. This arrangement, utilizing standard structural steel shapes, 
provides for flexibility of adjustment. 

The lamp L, FricureEs 1 and 4, is a 100 watt mercury arc, General 
Electric Vapour Lamp Co. type H4. The dimensions of the arc are 
about 1.5x 25 mm and it has a high intrinsic brilliance. Operated 
in a horizontal position it is an excellent source of illumination for the 
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slit at S. The dimensions of the slit are adjustable. The length 
generally used is 25 mm while the width, determined with the aid of a 
“feeler’’? gauge, has been varied from 0.05 to 0.6 mm. The condenser 
C isa 40 mm achromat of 100 mm focal length. Used at unit magni- 
fication it is able to fill the lens D uniformly with light.* 

The schlieren lens D is a 4’’ achromat of 36” focal length prepared by 
Perkin, Elmer and Moffitt of this city. It has the same corrections as 
a telescope objective except that it is for use at unit magnification. 
The chromatic correction is for photographic work, 7. e., green and 
blue. Most of the energy of the light source is in these wavelengths 
and, if it were not for the chromatic aberrations introduced by the 
boundaries, the use of monochromatic light would not be necessary. 


Ficure 4 


However, due to these aberrations the use of a narrow band of wave- 
lengths increases the sharpness of the schlieren band edges somewhat. 
A Wratten mercury monochromat filter Number 50, for isolation of 
the Hg 4356 line, has been used in some recent work. 

The schlieren lens is shown at D in F1aguRE 6 as one of the thermostat 
windows. This figure is a cross section of the low temperature thermo- 
stat and electrophoresis cell. The construction of the double windows 
shown is necessary in order to prevent condensation of moisture. 
With the exception of the schlieren lens the windows, W, are 414” discs 
of 14” plate glass. These were selected for freedom from flaws and 
then ground flat to within a few wavelengths of light. The discs, 
W. and Ws, are clamped against rubber gaskets supported by the 
bakelite ring, a, and the space between is filled with dry air and sealed. 
The space between the schlieren lens and W, could not be made com- 
pletely air tight. Consequently provision was made to pass dry air 

*It is also possible to illuminate a slit of these dimensions directly with the H4 lamp 
since the size of the latter is such that, with the lamp placed immediately behind the slit, 
the angle subtended by the arc at the slit is greater than that subtended by the schlieren 
lens. This arrangement, suggested by Dr. E. G. Pickels of the International Health Divi- 
sion of the Rockefeller Foundation, has proved more desirable than that described above 


since the condensing lens is thereby eliminated and the optical bench shortened by some 40 
cm, with no decrease in light intensity. 
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Fieure 5 


through this space when necessary. The schlieren lens and thermostat 
windows are kept in alignment by means of the plates, P, attached to 
the optical bench. 

The schlieren diaphragm and camera are shown in profile in FIGURE 
7. The diaphragm, d, is a brass plate with a sharp horizontal upper 
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edge. It is carried by two rods, r, which slide in the tubes, ¢, and may 
be moved with the micrometer, m, which reads directly to 0.01 mm. 
The bevel gears, b, and shaft, s, permit adjustment of the diaphragm 
when viewing the ground glass screen at G. 
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FIGursE 6 


The camera objective O, FIGURE 7, is a 2’ achromat of 36’ focal 
length and has the same corrections as the schlieren lens. Provision 
for adjustment of this lens along the optic axis has been made at A. 
This adjustment has proved useful in obtaining unit magnification. 
A displacement of the lens O of 1 cm alters the enlargement factor by 
1 per cent but shifts the image plane by only 1 mm. Precise control 
of this factor is desirable in using the scale method since it is convenient 


to have the interval of the undeviated scale image a simple multiple 
of the comparator thread. 
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The lens O is also provided with a sector type shutter, c, driven by 
@ synchronous motor, e, and a series of aperture stops, a, the smaller 
ones having the shape shown in FricguRE 8. A stop of this shape is 
preferable to a circular one since it permits use of the full lens aperture 
in the direction in which the pencils of light are deflected, thus insuring 
that the lens stop will not act as schlieren diaphragm. As a matter of 


it 


ea | 


ua 


FicureE 7 


fact this 2’’ objective is not large enough to collect the pencils deviated 
by steep gradients, in which case the lens barrel acts as a schlieren 
diaphragm. 

The plate holder at G, FIGURE 7, is provided with appropriate masks 
so that several exposures can be made on one plate. Thus if all of the 
protein constituents are migrating as anions, for example, there are no 
boundaries in the lower anode and upper cathode sections and these 
can be masked. Twenty-two exposures of the sections in which 
boundaries appear can then be made on a 9x12 cm plate, as was 
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illustrated in FIGURE 2. Except when red sensitive plates are neces- 
sary, as in work with hemoglobin for example, we have used Eastman 
contrast lantern slides. The slow speed, high contrast, fine grain and 


Ficurer 8 


ease of manipulation of these plates make them well adapted for use 
with both the schlieren and scale methods. Using schlieren observa- 
tion of hemoglobin boundaries it was necessary to mask the color of 
this protein. This was done with a Wratten A filter and Wratten M 
plates were used in photographing the boundaries. 


THE SCALE METHOD 


Very minor changes in the optical system described in the preceding 
section make it possible to use the scale and schlieren methods inter- 
changeably. With the latter method the center of the electrophoresis 
cell, E, FIGURE 6, is in the focal plane of the camera. In using the 
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scale method the cell is moved toward the camera a few centimeters 
and a transparent scale, having two lines per millimeter for example, 
is placed in the position previously occupied by the cell. The scale is 
then photographed through the cell with the schlieren diaphragm 
removed so that schlieren bands will not obscure certain of the scale 
lines. The schlieren lens in this case acts merely as a projection con- 
denser. 

The diagram of rigur= 9 will serve to illustrate the theory of the 
scale method. In the absence of refraction gradients in the cell, Z, a 
scale line, s, is brought to focus at s’ by the lens O. If, however, there 
is a gradient in the cell between the planes pp’ the rays from s which 
are collected by the lens have been deflected downward as shown in 


Figure 9 


the figure and intersect approximately at s’’. Due to the faulty lens 
action of the gradient the image of s at s’’ is imperfect. With sufficient 
depth of focus s’’ appears on the plate as a line displaced by an amount 
5 from its position s’ in the absence of gradients in the cell. In order 
for the displacement of each line to be determined by the gradient in 
a thin horizontal section of the column the lens O should have a long 
focal length and be used at a small aperture. The latter condition is 
also desirable in order to increase the focal depth. 

In practice the scale is photographed through the electrophoresis 
cell before the boundaries have appeared from behind the horizontal 
glass plates and then again at some later time after they have migrated 
into view. ‘The positions of corresponding lines on the two photo- 
graphs may then be determined with the aid of a comparator and the 
observed displacements, 8, of the lines of the second photograph in the 
neighborhood of the boundary computed. 

Again assuming that the gradients are not too steep, the displace- 
ment, 8, of a scale line is proportional to (a) the horizontal breadth, a, 
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of the boundary, (b) the optical distance, 6, from the scale to the 
center of the cell and (c) the gradient, a . For unit magnification, 


therefore, 
n 
=ap— 2 
= ob 2) 


Since the electrophoresis cell undergoes an apparent enlargement when 
moved out of the focal plane toward the camera, the position in the 
gradient causing a given displacement, 8, is given by the corresponding 
l 
tance from the scale to the camera. The scale photographs of the 
boundaries shown in FIGURE 2 were obtained with a scale distance 

_ 2 
P= 733 
0.9545. In FIguRE 8 the crosses indicate the scale line displacements, 
in microns, plotted against the displaced line positions multiplied by 
the factor 0.9545. A comparison of equations (1) and (2) indicates 


value of s’’ reduced by the factor, 6 , in which 1 is the optical dis- 


= 8.42 cm. Since 1 = 184.8 cm, the reduction factor is 


that, for a given gradient and cell thickness, - = £ , 2. €., the scale line 
and schlieren diaphragm displacements are in the same ratio as the 
“optical lever arm lengths” @ and b. The schlieren photographs of 
FIGURE 2 were obtained with b = 181.8 cm. Consequently § = 0.0463 
and it was this factor by which the schlieren diaphragm displacements 
were multiplied in plotting the circles of riguRE 3. When plotted in 
this manner the scale line and schlieren diaphragm displacements fall 
on the same curve. This agreement between the two methods, to- 
gether with the agreement between the computed and observed values 
of An previously noted, is evidence for the validity of the simple 
theory considered in this paper. 


DISCUSSION OF THE SCALE AND SCHLIEREN 
METHODS 


From the results given in this paper it appears probable that the 
precision attainable with the schlieren method is comparable with that 
of the scale method. The latter method is the more economical of the 
two, however, since the schlieren lens is unnecessary, only the rela- 
tively small and inexpensive camera objective being required. More- 
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over, it is the more flexible of the two methods since it is much more 
practical to change the scale distance, 8, than the diaphragm distance, 
b. However, the comparing of the scale line photographs is a laborious 
operation which does not lend itself to mechanization. Also the 
results of the experiment are not known until this operation has been 
completed. 

With the schlieren method, on the other hand, the progress of the 
boundaries can be followed visually from the beginning of the experi- 
ment. By observing the initial appearance of the bands on the ground 
glass and their broadening as one raises the schlieren diaphragm an 
idea of the homogeneity and relative amounts of each component can 
be obtained immediately. Moreover, if one is measuring mobilities 
only and can assume the region of steepest gradient to be the center 
of the boundary, the schlieren band positions can be read directly from 
a ruling on the ground glass. Although a quantitative analysis of 
sharp boundaries is not possible with either method the schlieren 
arrangement has a greater resolving power for boundaries of this type 
that may be close together, as in the early stages of serum electro- 
phoresis. 

The schlieren method also lends itself readily to a direct photo- 
graphic or photo-mechanical recording of the refraction gradients 
through the boundary. As was mentioned earlier in this paper, 
Schardin has shown how the light source may be arranged to give a 
blackening of the photographic plate that is proportional to the 
gradient. We have avoided this arrangement, however, since, in 
common with the absorption method mentioned in the introduction, 
the plate density would have to be determined with a micro-photom- 
eter. Philpot® has described a novel arrangement of slit and dia- 
phragm which produces automatically on the plate a light area whose 
contour is similar to the curve of FiguRE 3. The author is now testing 
the following arrangement which has a similar purpose but appears to 
be more flexible than Philpot’s device. The cell image is masked by 
a narrow vertical slit. A glance at FiguRE 2 then suggests that if the 
plate be driven slowly in a horizontal direction simultaneously with 
the vertical displacement of the diaphragm a light area is produced 
automatically on the plate whose contour is identical with the curve 
of FIGURE 3. The scale of ordinates for this area can be adjusted by 
controlling the relative rates of movement of the plate and diaphragm. 
Moreover it should be possible to determine the magnitude of the 
light area on the plate photometrically, as Philpot suggests, or directly 


* Philpot, J, S.L. Nature 141: 283. 1938. 
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with a planimeter. It will be of interest to see what precision can be 
attained with this method.* 

The author takes pleasure in acknowledging his indebtedness to Dr. 
D. A. MacInnes of these Laboratories for his continued support and 
sustained interest in the work reported in this paper. 

* Since this paper was presented on October 29, 1938, the author has had the opportunity 
of testing the modification of the schlieren method mentioned above. The results have been 


very encouraging and have been reported briefly elsewhere (Longsworth, L. G. Jour. Am. 
Chem. Soc. 61: 529. 1939). 


CHARACTERISTICS OF PROTEIN BOUNDARIES 
AS SHOWN BY SCALE METHOD 
ELECTROPHORETIC DIAGRAMS 


By Frank L. HorsFrauu 


From the Laboratories of the International Health Division of The Rockefeller 
Foundation, New York 


The experiments and observations upon which this discussion is 
based were carried out under the direction and supervision or Pro- 
fessor Arne Tiselius at the Physical Chemistry Institute in Upsala, 
Sweden. All of the results which are presented here in summary form 
have been published in detail elsewhere by Tiselius and Horsfall. 

In order to study with precision the characteristics of moving 
boundaries of protein in electrophoresis, a well defined test object was 
necessary. Various hemocyanins were selected for this purpose 
because certain of these proteins are fairly well characterized when 
studied chemically, in the ultracentrifuge, by diffusion, and in electro- 
phoresis. They also possess the advantages attributable to their very 
high molecular weights and low diffusion constants. 

All experiments were carried out in the improved electrophoresis 
apparatus described by Tiselius.2 The scale method of Lamm’ which 
has recently been adapted to electrophoresis was used throughout for 
the quantitative study of protein boundary phenomena. Multiple 
scale method electrophoretic diagrams were worked out in each 
experiment so that the whole course of the migration of the boundaries 
in both limbs of the U tube could be followed accurately. 

Although the micro-comparation of the position of scale lines, the 
plotting of scale line displacement graphs, and the integration of 
areas beneath the curves obtained is laborious and time consuming, 
the accuracy of the method and the additional information gained 
often well repay energy so expended. Scale method electrophoretic 
diagrams may reveal minor degrees of boundary inhomogeneity which 
would be difficult to assess accurately by other methods. They also 
permit the identification and the calculation of mobilities for minor 
components which fail, even after maximum migration, to resolve into 
distinct boundaries separate from those of the major components. 
And finally scale method diagrams make it possible to calculate the 

1 Tiselius, A., & Horsfall, F., Jr. Nova Acta Soc. Sci. Upsala (in press). 1939. 


2 Tiselius, A. Trans. Faraday Soc. 33: 524. 1937. 
s3Lamm,O. Z. Physik. Chem. A138: 313. 1928. 
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concentration of separate components even though the quantity of 
protein contained in them is relatively small. Component concentra- 
tions determined optically by this method have been found to be as 
accurate as micro-Kjeldahl analyses of the same solutions. 

Certain unnecessary anomalies in both boundary form and migra- 
tion may easily confuse the interpretation of electrophoretic studies. 
Protein solutions which have not been dialysed against buffer for a 
sufficiently long period usually produce abnormal boundaries which 
may migrate with different mobilities in the two limbs of the U tube, 
may appear unusually sharp in one limb, and even may produce more 
than one concentration gradient peak. Protein solutions which have 
been adequately dialysed but against a buffer of insufficient ionic 
strength may also migrate in an abnormal manner, and frequently 
under these conditions only a fraction of the total protein present in 
the U tube will enter into the formation of the moving boundary. 
Even though dialysis has been prolonged sufficiently to achieve 
equilibrium between the protein and the buffer, and despite the use of 
a buffer of adequate ionic strength, the concentration of protein itself 
is of importance and has definite upper limits in quantitative studies. 
With too great concentrations of protein the so-called § boundary may 
develop. Most accurate results, both as regards mobility determina- 
tions and component concentration calculations, are achieved when 
relatively dilute protein solutions are used. Heat convections may 
arise if the potential gradient exceeds definite limits or if the effective 
removal of heat from the U tube itself is inefficient. One of the first 
indications of the development of convections is an upward convexity 
of one or both boundaries as observed by the Toepler Schlieren 
method. With reasonable care and with a properly constructed and 
operated apparatus it is possible to prevent the occurrence of any of 
the boundary anomalies which have been mentioned above. 

The study of multiple scale method diagrams of the moving bounda- 
ries of hemocyanins has revealed a slight and constant asymmetry of 
both the ascending and the descending boundaries. This asymmetry 
is usually apparent when the scale line deflection curves are plotted, 
but it is more readily recognized when the two areas under the curve 
and on either side of a vertical line through the point of maximum 
deviation are integrated and compared. The ascending boundary 
(A) and the descending boundary (D) shown in FicuRE 1 illustrate this 
asymmetry. 

It is to be noted that in the case of both boundaries the area (B) 
between the vertical line and the buffer is smaller than the area (P) 
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between the vertical line and gradient free protein. With hemocya- 
nins at least, this bilateral boundary asymmetry seems to be a constant 
phenomenon and occurs whether the boundary is moving into buffer 
or into protein. Although this slight asymmetry in boundary form 
does occur, it does not complicate the determination of mobilities or 
concentrations. The asymmetry is thought to be caused by minor 
heat convections, and it is unlikely that even under the most ideal 
conditions these can be entirely eliminated. 


mm rmgrotion 


Fiaure 1 


Scale method diagrams have also demonstrated that the ascending 
boundary is regularly somewhat more sharp and slightly less broad 
than the descending boundary. That is, the maximum refraction 
produced by the ascending boundary is greater than the maximum 
refraction produced by the descending boundary, and the vertical 
distance in the U tube through which the ascending boundary causes 
refraction is less than the corresponding distance for the descending 
boundary. The two diagrams shown in FIGURE 1 also illustrate these 
characteristics. ‘The areas under the curves for the two boundaries 
are, however, identical within the limits of experimental error, and the 
protein concentration can readily be calculated from either. 

The various quantitative characteristics of ascending and descend- 
ing hemocyanin boundaries which have been briefly referred to above 
may be observed at any one period during a single experiment and are 
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not dependent upon either time or the distance of migration. Com- 
parisons of multiple scale method diagrams, however, taken at differ- 
ent times during one and the same electrophoretic experiment show 
still another and a much more striking phenomenon, that is boundary 
spreading. This phenomenon was observed by Tiselius,* and it was 
shown that its occurrence precluded the calculation of diffusion con- 
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stants during electrophoresis. Both the ascending and the descending 
boundaries become progressively less sharp and more broad as they 
migrate farther from zero position. This spreading, which is associated 
with increasing migration, affects both boundaries in equal propor- 
tions and can readily be shown to be neither the result of diffusion nor 
due to an apparatus effect by simply reversing the current. When this 
is done not only is the direction of migration of the boundaries reversed 
but so too is their spreading, and as the boundaries migrate back 
towards zero position they become progressively more sharp and less 


4 Tiselius, A. Nova Acta Soc. Sci. Upsala IV, 7 (4). 1930. 


HORSFALL: PROTEIN BOUNDARIES 207 


broad. In FicurE 2 are shown three scale method electrophoretic 
diagrams of a single hemocyanin boundary as it migrated away from 
zero position. In FIGURE 3 are shown three diagrams of this same 
boundary as it migrated back towards zero position after reversal of 
the current. 
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Boundaries which have migrated as far as possible within the cell and 
have then been reversed and have migrated back to zero position do 
not completely regain their original sharpness, although they may 
approximate this state rather closely. This phenomenon has been 
termed reversible boundary spreading and has been interpreted as 
evidence of some electro-chemical inhomogeneity in the protein pro- 
ducing the boundary. 
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THE INFLUENCE OF IONIC STRENGTH AND 
pH ON ELECTROPHORETIC MOBILITY 


By Brernarp D. Davis anp Epwin J. Coun 
From the Department of Physical Chemistry, Harvard Medical School 
Boston, Massachusetts 

The method of electrophoresis was first employed in the study of a 
protein solution when Picton and Linder! noted in 1892 the movement 
of hemoglobin in an electric field. In the same decade W. B. Hardy”: # 
extended the use of the method to other proteins and to other solvents, 
and noted 1) that “the particles, since they refract light, must be of 
much more than molecular dimensions” and 2) that the charge was 
“due to a real electrolytic dissociation at the surface of the particles, 
the degree of dissociation depends upon the same factors, which in the 
interaction between solvee and solvent determine the degree of dis- 
sociation of different electrolytes’? (p. 292). 

Hardy also noted that proteins ‘‘move with the negative stream if 
the reaction of the fluid is alkaline; with the positive stream if the 
fluid is acid’? (p. 304), and thus demonstrated their amphoteric nature. 
Michaelist was however the first investigator to determine accurately 
the hydrogen ion concentration at which the migration of a protein 
changed its direction, termed the isoelectric point, and to apply dis- 
sociation theory to characterize the isoelectric point of a simple 
ampholyte. 

Proteins are multivalent both as acids and as bases and exist largely 
as dipolar ions in the neighborhood of their isoelectric point. At other 
reactions they possess a net charge and are present as salts. The 
valence of the protein thus might be expected to influence mobility 
in two ways. Thus the greater the valence the greater the net charge 
and therefore the greater the mobility. On the other hand, the greater 
the valence the more the activity coefficients deviate from unity at 
any given concentration and the more the mobility will diminish from 
that which would obtain in infinitely dilute solution. Mobility should 
be closely proportional to the net charge under the latter conditions, 
but not necessarily at appreciable ionic strengths. 

There have been numerous improvements in the technique of 
measuring electrophoretic mobility since the early measurements of 

1 Picton, H., & Linder, 8S. E. Jour. Chem. Soc. 61: 148. 1892; 71: 568. 1897. 

2 Hardy, W.B. Jour. Physiol. 24: 158, 288. 1899. 


s Hardy, W.B. Jour. Physiol. 33: 251. 1905. 
4 Michaelis, L. Die Wasserstofionenkonzentration. Berlin. 1914, 1922. 
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Picton and Linder! and of Hardy. Omitting from consideration 
the microscopic methods which have been extensively employed,> ® 7 
these include protecting the protein solution from changes in hydrogen 
ion concentration occurring at the electrodes, determining conditions 
such that the change in density, in conductivity and in the gradient 
of temperature and pH and other factors at the moving boundary be 
reduced to a minimum. Despite the great advances that have been 
made, especially by Tiselius, mobility is still determined in the 
presence of a relatively high concentration of other ions, generally of 
buffer ions, and it is therefore desirable to consider not only the influ- 
ence of the pH but of the ionic strength of the solution. 

The movement of the hemoglobin boundary is readily followed 
without the aid of an optical system such as that employed by Scott 
and Svedberg® and later by Tiselius.° Hemoglobin, investigated by 
Michaelis and Airila in 1921,!° has therefore repeatedly been studied 
in our laboratory since the early measurements of Laszlo Reiner." 
Recent studies have moreover demonstrated that the dissociation of 
horse carboxyhemoglobin over the neutral range is due to the imida- 
zole groups of histidine. Of the 32 or 33 such groups per molecule of 
hemoglobin from 12 to 16 appear to dissociate at reactions acid to the 
isoelectric point but alkaline to pH 5.6.% Studies of the mobility of 
the protein under these conditions were therefore undertaken in 
order to determine the relative importance of pH and ionic strength 
when there was some knowledge of the number and nature of the 
dissociating groups. The most recent form of the Tiselius apparatus, 
which should make possible comparable studies upon other proteins, 
was not available when these measurements were begun, but has 
since become so and the results with the simpler electrophoresis ap- 
paratus employed® have been confirmed with it. 

At an ionic strength of 0.02 and a pH of 5.65 a mobility of 10.3 x 
10- cm?/volt-sec was observed in phosphate buffers at 25°. At the 
same pH this mobility was reduced to 2.7 X 10- at an ionic strength 

’ Abramson, H. A. Electrokinetic Phenomena and their Application to Biology and 
Medicine. Chemical Catalogue Co., Inc., New York. 1934. 

6 Northrop, J. H., & Kunitz, M. Jour. Gen. Physiol. 7: 729. 1925. 

7§mith, E.R. B. Jour. Biol. Chem, 108: 187. 1935; 113: 473. 1936. 

5 Scott, N. D., & Svedberg, T. Jour. Am. Chem. Soc. 46: 2700. 1924. 

* Tiselius, A. Dissertation, Upsala. 1930; Trans. Faraday Soc. 33: 524. 1937; Biochem. 
Jour. 31: 313, 1464. 1937. 

10 Michaelis, L., & Airila, ¥. Biochem. Z. 118: 144. 1921. 

1 Reiner, L. Kolloid Z., 40: 327. 1926; see also Cohn, E. J. Physiol. Rev. 5: 394. 1925. 

12 Cohn, E. J., Green, A. A., & Blanchard, M.H. Jour. Am. Chem. Soc. 59: 509. 1937. 

German, B., & Wyman, J., Jr. Jour. Biol. Chem, 117: 533. 1937. 


Wyman, J., Jr. Jour. Biol. Chem. 127: 1. 1939. 
8 Davis, B. D., & Cohn, E. J. Jour. Am. Chem. Soc. (in press). 
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of 0.15. At the lower ionic strength this mobility was observed at 
pH 6.7. A change from 0.15 to 0.02 in ionic strength thus produced a 
change in mobility in these systems equivalent to a change of over one 
pH unit. Change in ionic strength is thus not a second order phenom- 
enon but one of first importance. 

For a univalent ion the change in mobility with change in ionic 
strength at this temperature should on the basis of Onsager’s' devel- 
opment of the Debye-Hiickel theory of interionic forces be: 


U = Up — (ato + B) Kk = Uy — A’K (1) 


where w is the mobility at zero ionic strength, « is approximately 
0.22 X 10- at 25° in the presence of other univalent ions, and 6 equals 
28.9 X 10-°. Equation (1) holds only for exceedingly dilute solutions. 
Using the more extended equation of Shedlovsky™ for more concen- 
trated salt solutions 


uU =U — A’e + Be? — aBr? (2) 


and putting B = A’, as is found to be approximately the case for 
many salts, yields diminution in mobilities passing from 0.02 to 0.15 
in ionic strength, respectively of 5.8, 5.2, and 4.8 for K+, Nat, and Lit, 
where wo at this temperature is respectively 71.0, 48.5, and 37.4 X 
10.6 Over this ionic strength range the diminution in mobility 
noted for carboxyhemoglobin (10.3 — 2.7 = 7.6 cm?/volt-sec) was 
only slightly greater than that for a univalent ion in the presence of 
other univalent ions, and no greater than that for a bivalent ion in the 
presence of univalent and bivalent ions, although the valence of 
hemoglobin at this pH lies, as we have seen, between 12 and 16. 

For the mobility of a large molecule of radius r the electrophoretic 
term 6x of equation (1) should be divided by (1 + xr),!” since xr will 
under these circumstances no longer be small in comparison with 
unity. This factor is that by which wp is divided in the studies of 
Moyer and Abramson.'* Introducing it into equation (1), and ne- 
glecting the term in «, we have 


uU = Uo — B«/(1 + xr) (3) 


14 Onsager, L. Physik. Z. 27: 388. 1926; 28: 277. 1927. 

15 Shedlovsky, T. Jour. Am, Chem. Soc. 54: 1405, 1411. 1932. 

16 MacInnes, D. A., Shedlovsky, T., & Longsworth. L. G. Jour. Am. Chem. Soc. 54: 
2758. 1932; Chem. Rev. 13: 29. 1933. 

17 MacInnes, D. A. The Principles of Electrochemistry. Reinhold Publishing Corp., 
New York. 1939. 

18 Moyer, L. S. Cold Spring Harbor Symp. 6: 228. 1938. 

Moyer, L. S., & Abramson, H. A. Jour. Biol. Chem. 123: 391. 1938. 
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Assuming r for carboxyhemoglobin to be 27 Ae Uo according to this 
equation would be 29.8 at pH 5.65 and @ would be 314, or approxi- 
mately tenfold as great as for a univalent ion according to equation 
(1), and somewhat greater than for a univalent ion according to 
equation (2). 

Not only the observed mobility, u, but the apparent isoelectric 
point is a function of the ionic strength. If our measurements be 
analyzed at constant pH intervals from the apparent isoelectric point, 
on the assumption that the influence of ionic strength on protein ions 
of equal valence is then considered, the values both of A’ in equation 
(1) and @ in equation (8) are much smaller. The ratio A’/uo is under 
these circumstances approximately 3.2 and that of @’/uo 9.7 over a 
considerable pH range. 

One must concede that in the case of proteins uw may have only 
theoretical significance because of ion association in dilute solution. 
None the less one must stress the influence of ionic strength, regardless 
of the form of equation employed, in reducing electrophoretic mo- 
bility. 

A large number of measurements that have been made for this and 
other proteins, at 25° and at 4°, in this and other buffers, are under 
investigation so as to yield a more adequate foundation relating 
mobility to the net charge at the ionic strengths at which such 
measurements are generally made. 
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